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Abstract
Blue carbon sequestration and storage in mangroves largely result from belowground
biomass allocation in response to flooded anaerobic soil conditions and nutrient availability.
Biomass allocation to belowground roots is a major driver of mangrove soil formation and
organic matter accumulation leading to blue carbon storage potential. Belowground biomass
sampling in mangroves is labor intensive, limiting data availability on biomass stocks,
particularly for large roots (>20 mm diameter) and necromass (dead roots). The mangrove
nutrient model (NUMAN) uses mostly literature values to parameterize a soil cohort approach to
simulate depth distribution of root mass and organic carbon concentration. We evaluated
performance of NUMAN at mangrove sites in Rookery Bay, Shark River and Taylor Slough in
the Florida Coastal Everglades using a trench method to include large roots and necromass
across diverse mangrove geomorphologies. Mean (± SE) total root biomass (to 0.4 m depth) was
largest at Taylor Slough (64.6 ± 12.6 Mg ha-1), followed by Shark River (27.4 ± 11.4 Mg ha-1),
and Rookery Bay (17.9 ± 1.4 Mg ha-1). Root biomass at each site was greater using the trench
method compared to sampling with cores, and this pattern was especially apparent at Shark River
where large roots account for ~52% of root biomass. Total root mass, root biomass, and root
necromass did not differ with depth to 0.4 m. Lignin content, total carbon, and lignin:N ratios
were significantly greater in necromass compared to biomass across all sites. Carbon-rich dead
roots are critical to our estimates of belowground carbon storage using the trench method,
resulting in significant underestimates in organic carbon stored belowground if ignored in
sampling designs. Necromass contributes to refractory organic matter pools in the soil that are
retained and contribute significantly to belowground carbon storage. This contribution from dead
roots was a critical component to predicting realistic accretion rates at each site. Mangrove
ix

biomass allocation in belowground root and soil compartments varies depending on coastal
environmental settings and forest ecology. It is important to consider these conditions when
determining appropriate sampling protocols for belowground biomass. Including necromass in
the NUMAN model allows us to better evaluate accretion rates and carbon sequestration rates
across diverse mangrove typologies in South Florida.

x

INTRODUCTION
1.1. Background
Mangrove forests globally represent a wide diversity of productive coastal wetlands.
Mangroves provide valuable ecosystem services including carbon sequestration, nutrient cycling,
water filtration, coastal protection from erosion and storms, and support for ecological nursery
grounds and fishery habitats (Twilley and Rivera-Monroy 2009; Feller et al. 2010). Intertidal
habitats are harsh, water-logged environments with anoxic, saline soils that require unique
adaptations by mangrove wetlands. These anaerobic soil conditions give rise to coupled redox
reactions, producing a variety of toxic metabolites, for example sulfides generated by sulfate
reduction (Feller et al. 2010). Despite these stressful soil conditions, mangroves are well-adapted
to thrive with significant biomass allocation with belowground roots that efficiently store carbon
in plant tissues and soils (Castañeda-Moya et al. 2011). These belowground roots account for a
considerable portion of mangrove carbon budgets. This carbon, stored in mangroves,
saltmarshes, and seagrass meadows is known as ‘blue carbon,’ a charismatic term that has
become instrumental in catalyzing global policy initiatives focused on climate change mitigation
and conservation in coastal wetlands (Mcleod et al. 2011; Lovelock and Duarte 2019).
Mangrove ecosystems store substantial amounts of carbon in soils and plant tissues for
centuries if left undisturbed. Coastal environmental settings of mangroves are controlled by
hydroperiod, geomorphology, and climate (Twilley et al. 1992; Woodroffe 1992; Krauss et al.
2006; Rovai et al. 2018; Twilley et al. 2018). These diverse ecogeomorphic settings control
various ecosystem processes including patterns in community structure and carbon distribution
(Lugo and Snedaker 1974; Twilley et al. 1992; Twilley et al. 2019). Compared to other blue
carbon ecosystems, mangroves have high carbon densities and net ecosystem production rates,
1

combined with slow decomposition rates typical in coastal wetlands (Twilley et al. 1986; Mckee
et al. 2007; Rovai and Twilley 2021). Mangroves allocate biomass to belowground roots as a
response to the stressful wetland soil conditions of coastal settings (Rovai and Twilley 2021). As
coastal wetlands adjust to rising sea-levels, increased accommodation space can drive organic
matter accumulation that, in turn, expands soil volume and increases elevation (Rogers et al.
2019). Mangrove ecosystems are so efficient at sequestering carbon and accumulating biomass
that they are some of the most carbon-rich habitats on the planet and they have tremendous
potential to sequester new carbon and avoid future emissions (Donato et al. 2011; Adame et al.
2021; Rovai and Twilley 2021).
Biomass allocation to belowground roots is a major driver of mangrove soil formation
and organic matter accumulation leading to blue carbon storage potential. To simulate and better
understand mangrove soil development mechanisms, Chen and Twilley (1999a) established the
mangrove nutrient model (NUMAN). NUMAN was originally calibrated for mangroves in Shark
River Estuary in the Florida Coastal Everglades (FCE). Aboveground biomass was used to
estimate belowground contribution to soil development based on a root-to-shoot ratio, as few
estimated existed for root mass of mangroves in South Florida (Chen and Twilley 1999a). Efforts
followed to measure belowground biomass as model simulations proved to be sensitive to this
parameter (Poret et al. 2007; Castañeda-Moya et al. 2011; Cormier et al. 2015). However,
comparisons of belowground biomass field estimates were much lower than estimated root
biomass used to parameterize NUMAN (Castañeda 2010). This discrepancy between root mass
values used in the original NUMAN model compared to those measured in the field resulted in
simulation results with much lower soil accretion rates in Shark River Estuary. One explanation
why measured root mass is much lower than original estimates based on root-to-shoot ratios in
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NUMAN may be associated with how root biomass is sampled. Large woody mangrove roots are
difficult to sample, and dead roots (necromass) are often excluded from sample processing.
Addressing these details in sampling mangrove forest root biomass could increase measured
belowground biomass to levels that allow NUMAN to simulate field accretion rates. Coring
methods often do not have the capacity to sample large roots. The type of sampling technique
used in measuring belowground biomass determines what structural root components are
included (size and vitality) that could lead to underestimates in belowground biomass (Adame et
al. 2017).

1.2. This Study
Belowground mangrove mass size and vitality along with carbon distribution were
measured across sites in South Florida to test if improved sampling techniques with the trench
method resolved discrepancies in belowground biomass needed for simulations of soil accretion
compared to field estimates to improve the calibration of the NUMAN model. A trench method
designed to measure large roots, combined with including necromass in sampling protocols, are
expected to provide an explanation of the missing mass between NUMAN model estimates and
field observations of mangrove soil development. Additionally, root decomposition rates and
information on fraction of labile and refractory organic matter pools within a soil profile, could
align field conditions with model simulations for belowground biomass. This thesis investigates
the role large roots and necromass play in carbon storage capacity and sequestration potential
across mangrove sites of diverse forest types due to edaphic fertility and hydroperiod gradients.
This expands the utility of NUMAN to predict mangrove soil formation and carbon sequestration
rates in diverse coastal environmental settings.
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BLUE CARBON IN SOUTH FLORIDA’S MANGROVES:
THE ROLE OF LARGE ROOTS AND NECROMASS
2.1. Introduction
2.1.1. Soil Organic Matter Formation and Biomass Allocation
Biomass allocation to belowground roots is a major driver of soil organic matter (SOM)
accumulation and mangrove soil formation. SOM formation relies heavily on these in situ plant
inputs from roots to the soil (Sokol et al. 2019). This autochthonous source of SOM
accumulation is a balance between plant production and decomposition, with residual carbonrich material retained in the soil (Poirier et al. 2018). Although litter may contribute to surface
SOM in both terrestrial ecosystems and mangroves, roots are the primary source of this in situ
organic matter (Chen and Twilley 1999a; Sokol et al. 2019). Mangrove litter decays faster than
fine roots, resulting in greater root material accumulation in the soil compared to leaf litter
(McKee and Faulkner 2000; Middleton and McKee 2001). Nutrient availability in mangrove soil
controls biomass allocation in mangrove plant tissues (Cormier 2003; Krauss et al. 2006;
Castañeda 2010; Castañeda-Moya et al. 2011; Castañeda-Moya et al. 2013; Cormier et al. 2015).
Nutrient uptake and storage are facilitated by biomass allocation, which results in residual carbon
storage. These processes support the plants’ functional response to harsh and stressful wetland
soil conditions, especially flood duration, phosphorus deficiency, and toxic hydrogen sulfides
(Castañeda-Moya et al. 2011; Castañeda-Moya et al. 2013). Belowground allocation increases
soil volume, elevation, and accretion, which is also apparent over climatic timescales as plants
adjust to changes in accommodation space with rising sea-levels (Mckee et al. 2007; CastañedaMoya et al. 2011; Rogers et al. 2019).

4

2.1.2. Soil Development Model: NUMAN
Chen and Twilley (1999a) established the mangrove nutrient (NUMAN) model to
simulate and better understand mangrove soil development mechanisms. The NUMAN model
uses a soil cohort approach to simulate depth distribution of organic matter and belowground
biomass accumulation as mangrove soil accretes over time (Figure 2.1). The original model also
integrated a submodel that considered nutrient dynamics in relation to organic matter. This
model uses major principles and equations from previously developed biogeochemical models of
grasslands that create sediment profiles based on organic matter and nutrient accumulation.
NUMAN was modified from the SEMIDEC model developed for saltmarshes (Morris and
Bowden 1986), and the CENTURY model for grasslands (Parton et al. 1987) to simulate soil
formation in mangrove wetlands. NUMAN was originally parameterized using mangroves in
Shark River Estuary in the Florida Coastal Everglades (FCE).
Aboveground biomass in the NUMAN model was used to estimate belowground biomass
contribution to soil development, as few studies measured roots and root mass in the FCE sites
where the model was used to simulate soil properties (Chen and Twilley 1999a). NUMAN model
simulations originally used root-to-shoot ratios to parameterize belowground biomass. These
ratios are often used to estimate belowground biomass, especially given that aboveground forest
structure is more common than sampling roots. This ratio method has been used to understand
biomass allocation and resource partitioning strategies for plants growing in terrestrial and
wetland systems. But when field estimates of belowground biomass at the FCE sites became
available, they were much lower than values used to calibrate NUMAN based on soil
characteristics at the FCE sites (Castañeda 2010) (Table 2.1). An explanation was that either
NUMAN was missing some factor that contributes to soil formation and/or the field-sampling
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techniques underestimated belowground biomass. The focus remained on belowground resources
rather than litter dynamics as the most important factors contributing to soil formation, as rates
measured in Belize with an ingrowth bag study confirmed the findings of Chen and Twilley
(1999a) that belowground processes are more influential to SOM development than litter
dynamics (Mckee et al. 2007).

Figure 2.1. Conceptual diagram of the NUMAN model (Chen and Twilley 1999a). Figure from
(Twilley et al. 2019).
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Table 2.1. Discrepancies between NUMAN model simulations and field data collected with
cores for root biomass (g m-2) and productivity (g m-2 yr-1). Tables 2.6 and 2.7 are from
Castañeda 2010.
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2.1.3. Sampling Roots: Root Size and Processing Effort
Available data for root production and biomass stocks are limited, and estimates likely
underestimate belowground root mass, especially as large roots are not included (Adame et al.
2017). Mangrove belowground biomass sampling is often physically demanding and difficult to
conduct due to the labor involved in collecting and processing belowground mass. The root core
method limits large root sampling due to the small surface area when roots are > 20 mm in
diameter (Castañeda 2010; Adame et al. 2017). Large woody roots are difficult to cut through
with the bottom edge of a core. Alternative belowground biomass sampling methods exist,
including felling and excavating entire individual trees, as well as the trench, or soil pit, method
(Adame et al. 2017). The trench method produces belowground biomass values that are up to
three times greater than values measured with the coring method. The trench method is also
designed to sample larger root material and has significantly greater biomass yields than all other
methods (Adame et al. 2017). The trench method is labor-intensive and produces a large sample
volume that requires increased processing effort. As a result, trenches have been used much less
frequently than other excavation methods (Golley et al. 1975; Komiyama et al. 1987; Komiyama
et al. 1988; Mori et al. 1997; Komiyama 2000; Khan et al. 2009; Ray et al. 2011; Santos et al.
2017).

2.1.4. Sorting Roots: Determining Root Vitality
Processing mangrove root samples is often challenging, and limitations exist. Root
vitality, whether roots are live or dead, in both terrestrial and wetland systems is often
determined using visual and mechanical assessments of tissue tensile strength, color, and texture
(Vogt et al. 1998). Sorting roots is tedious work, and both physical and chemical methods exist
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to separate living roots and necromass (dead roots). One method uses dehydrogenase activity as
an indicator for root vitality, with triphenyl tetrazolium chloride activating enzymes to measure
absorbance values with colorimetric spectroscopy (Joslin and Henderson 1984; ClemenssonLindell 1994). There are sources of error associated with this method due to changes in enzyme
activity from environmental stress, and morphological distinctions remain difficult. Staining and
microscopy has been attempted but is only feasible for small sample sizes (Vogt et al. 1998).
One example of this technique is using fluorescein diacetate to fluorescently stain the tissue to
help distinguish which roots have intact cell membranes under a microscope (Heslop-Harrison
and Heslop-Harrison 1970; Giraldo-Sanchez 2005). Another common method used for mangrove
roots is to float samples in a colloidal silicate solution (Ludox), however it is not always evident
that it is more efficient than simply floating in water (Robertson and Dixon 1993; Cormier 2003;
Giraldo-Sanchez 2005; Castañeda-Moya et al. 2011). A comparison of several methods was
assessed in mangroves, and manual hand-sorting with buoyancy in water was determined to be
the most efficient and cost-effective choice, especially with large sample sizes (Giraldo-Sanchez
2005). After the initial sorting process where root tissue samples are separated between biomass
and necromass, many researchers have primarily focused on the living component, especially for
fine root function studies, and the remaining necromass is often discarded without being included
in belowground root mass estimates.

2.1.5. Root Size: Contribution to Biomass Allocation
Large woody mangrove roots that are difficult to sample, in addition to dead roots
(necromass) that are often excluded from sample post-processing, are potential areas that could
improve estimates of belowground biomass and carbon storage. After sorting into root vitality
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categories, live roots are typically separated into size classes based on diameter, and dry mass is
measured on each size class. Distinctions among root size classes can be important because
differently sized roots define strategies in plant nutrition. Fine roots (< 2 mm) have greater
absorption capacity and are responsible for the majority of nutrient uptake. Allocation of fine
root biomass dominates in nutrient-limited soil conditions to enhance plant productivity. Unlike
herbaceous wetlands, mangroves are forests with aboveground and belowground woody tissues
resulting from secondary growth. Large roots provide important structural support for mangrove
trees and serve as important belowground carbon sinks. Typically woody plant tissues consist of
20-30% lignin, which is an important compound in preserving carbon (Kirk 1984). Intact wood
with lignified tissues is difficult for microbes to decompose. However, fungal colonization can
cause wood to begin to rot and it is possible that these fungi are primarily responsible for woody
xylem tissue degradation (Kirk 1984). Preservation of these refractory tissues is especially
important to carbon cycling in mangrove forests because these tissues with long-term carbon
retention are buried in the soil. Higher ROM retention leads to greater soil organic carbon
storage and allows mangrove ecosystems to act as carbon sinks.

2.1.6. Labile and Refractory Organic Matter
Organic matter stocks in the NUMAN model are distributed into three pools (in g cm-2):
root mass, soil refractory organic matter (ROM), and soil labile organic matter (LOM) (Chen and
Twilley 1999a). Organic matter decomposition is regulated by several factors including
hydroperiod, temperature, oxygen availability, microbial and fungal community structure and
biomass, alternate electron acceptor availability, nutrient availability, and substrate quality
(Reddy and DeLaune 2008). The labile organic pool is comprised of material that decomposes
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quickly. It features monosaccharides like glucose that exist as monomers in chains and are
readily available for microbial respiration in the soil (Reddy and DeLaune 2008). Polysaccharide
structures like cellulose and starch are comprised of chains that are stronger than glucose, but
these are not retained as ROM long-term. In contrast, refractory or recalcitrant material is
comprised of organic structures that are not readily available to microbes for respiration and
therefore remain in the soil for longer time periods. The labile material in roots is primarily
comprised of parenchyma cells that have thin cell walls lined with cellulose, located in
centralized cortex tissues. This cortex tissue often stores starches in the plant. Compounds
organized in aromatic ring structures, particularly phenolic rings, are refractory material that
decay slowly in soil. The most common phenolic substances in mangrove roots are lignins and
tannins. The decomposition of these structures relies on a microbial community to produce the
necessary extracellular enzymes for lignin degradation, such as phenol oxidase (Reddy and
DeLaune 2008). Phenol oxidase activity requires oxygen so anaerobic soil conditions limit lignin
degradation, especially in deeper soil layers. Living roots have oxidized rhizospheres that can
provide aerobic environments for microbial activity in the active root zone when the soil itself is
anaerobic, but this process is energetically costly for microbes. Much of this substrate for
decomposition does not decay before burial and removal from oxygenated soil layers (Reddy and
DeLaune 2008). Plant detritus in SOM undergoes physical fragmentation until detrital tissues
undergo this microbial assimilation. As living mangrove roots die and decompose, they are
distributed into pools of either LOM or ROM. The quality, or amount of structural carbon, and
vitality of mangrove roots are important factors in the role these roots play in mangrove soil
development over time.
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2.1.7. Carbon Accumulation
When organic substrates for microbial decomposition are nutrient-limited (characterized
by greater C:N and lignin:N ratios), all available nutrients are taken up by bacteria to satisfy
nitrogen demand. Nitrogen demand by bacteria can compete with nutrient demand for plant
growth causing slower decomposition rates if microbes are nutrient-limited (Reddy and DeLaune
2008). High C:N and lignin:N ratios indicate lower substrate quality for SOM decomposition.
Reddy and DeLaune (2008) describe lignin as the “ultimate limiting factor in decomposition of
plant matter.” This pattern has been observed in aquatic plant litter in both estuarine and
freshwater environments, and hardwood forest litter (Brinson et al. 1981; Melillo et al. 1982;
Twilley et al. 1986). However, this pattern is not always observed with decomposition of
mangrove roots in soil substrates with regards to C:N ratios and lignin content (Poret et al. 2007).
Carbon accumulation in aboveground and belowground biomass in a mangrove forest changes
depending on nitrogen and phosphorus availability (Cormier 2003; Castañeda 2010; CastañedaMoya et al. 2011; Castañeda-Moya et al. 2013; Cormier et al. 2015). Necromass, or dead root
material, can be included in soil organic carbon estimates in mangroves (Howard et al. 2014).
Necromass can also be quantified separately, isolating carbon stored in dead mangrove roots.
This distinction between living and dead roots may be especially important given their different
functional roles in terms of productivity (Fairley and Alexander 1985; Ehrenfeld et al. 1997). It
is critical to consider necromass accumulation as a component of carbon burial in both
mangroves and terrestrial ecosystems and the role of biomass and necromass contributions to
ecosystem blue carbon distributions (Inoue 2019).
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2.1.8. This Study
Sites chosen for this thesis in South Florida provide a range of soil conditions to observe
variation in how different root size categories contribute to biomass allocation. Based on soil N:P
ratios, Shark River (SR) is the most nutrient-rich site among the stations selected with
allochthonous tidal or river nutrient inputs, as well as hurricane deposits. The interior forest at
Rookery Bay (RB) is a nutrient-intermediate site with some tidal inputs but the basin forest has
little detrital exchange with the estuary. In contrast, Taylor Slough (TS) is nutrient-poor due to
almost no external loading as a result of the physical barrier caused by the nearby Buttonwood
Ridge (Castañeda-Moya et al. 2010). Hydroperiod, measured by the frequency and duration of
flooding, varies across these sites with the least stressful conditions at Shark River, followed by
Rookery Bay, and Taylor Slough (Krauss et al. 2006; Castañeda-Moya et al. 2011). NUMAN
model simulations of mangrove soil profiles were performed for each site using site-specific
estimates of parameters assuming that organic matter accumulation is driven by root production
and decomposition. The nutrient resource gradients along these riverine (SR), interior (RB), and
scrub (TS) mangrove forests in South Florida were used to establish experimental sites to
investigate the importance of large roots when determining carbon storage estimates.
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2.1.9. Research Objectives
I can use the NUMAN model as a powerful and robust tool to provide insight into the
mechanisms of soil organic matter development in mangroves based upon site-specific
parameters across diverse coastal environmental settings. The purpose of this study is to
investigate if large mangrove roots (> 20 mm in diameter) and necromass are significant
contributions to belowground mass and soil carbon stocks. I used diverse mangrove forest
coastal environmental settings in South Florida to compare belowground biomass allocation
along soil nutrient fertility and hydroperiod gradients based on environmental stress including
phosphorus deficiency and sulfide concentrations. Applying new measurements of belowground
mass in Shark River, Rookery Bay, and Taylor Slough, and adjusting model parameters, I
evaluated NUMAN model performance. To investigate carbon stored in belowground
compartments, I focused on: 1) biomass allocation among root size classes with focus on large
roots and dead roots; 2) labile and refractory root decomposition; and 3) evaluation of NUMAN
model simulations using mangrove soil profiles. I employed a trench method, designed to
include larger root in samples and test the following hypotheses:
1. Belowground biomass and soil carbon stocks differ when large roots and necromass are
included in measurements of total mass distribution with depth across sites with diverse
environmental gradients.
2. Relative root contributions to labile and refractory organic matter pools vary with root
size (small/fine, coarse, and large) and root vitality (biomass and necromass).
3. Sensitivity analysis of NUMAN model runs using trench field data can demonstrate the
significance of large roots and necromass in describing organic matter depth distribution
in mangrove soil profiles.
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2.2. Methods
2.2.1. Study Sites
2.2.1.1. Geography
Rookery Bay Estuary, Shark River Estuary, and Taylor River Slough are subtropical
mangrove estuary systems in South Florida. Study sites in the Florida Coastal Everglades (FCE)
are located at Shark River Estuary (SRS-6) and Taylor River Slough (TS-7; referred to here as
TS), established as part of the FCE Long Term Ecological Research (LTER) network, and
managed by Everglades National Park (ENP). Further north from the ENP western boundary,
Rookery Bay National Estuarine Research Reserve (RBNERR) was location of a site at Cat’s
Claw on Shell Island Road. There are 144,447 ha of mangrove forest in ENP and 12,345 ha in
RBNERR (Simard et al. 2006; Rookery Bay National Estuarine Research Reserve Management
Plan 2013). These mangroves are downstream from the extensive watershed system of South
Florida. Along Florida’s Gulf coast, there is a series of connected barrier lagoons, with Naples
Bay north of Rookery Bay, and the Ten Thousand Islands system directly south, adjacent to both
the freshwater and coastal wetlands of the Everglades. Shark River Estuary and Taylor Slough
are two major drainage basins of the FCE, with Shark River draining into the Gulf of Mexico on
the west coast of Florida, and Taylor Slough draining into Little Madeira Bay, and from there
into Florida Bay. Mangroves at TS-7 are separated from Florida Bay, a shallow embayment, by
the Buttonwood Ridge berm (1 km in width x 0.5 m in height x 60 km in length) (CastañedaMoya et al. 2010). Rookery Bay drainage and hydrology is supported by several basins,
specifically the Lely, Henderson Creek, and Picayune Strand basins (Rookery Bay National
Estuarine Research Reserve Management Plan 2013).
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2.2.1.2. Climate
Mangroves can be organized with a hierarchal approach by climate, sedimentary setting,
coastal environmental setting, and ecological forest type (Lugo and Snedaker 1974; Thom 1984;
Woodroffe 1992; Twilley 1995; Chen 1996; Twilley et al. 1996; Chen and Twilley 1998;
Worthington et al. 2020). Mean annual air temperature in the subtropical Everglades and
Southwest Coast (Shark River and Rookery Bay), and Lower East Coast (Taylor Slough) was
23-24°C from 1900 to 2020 (NOAA National Centers for Environmental Information 2021). On
average, the Everglades and Southwest Coast region has ~1350 mm of rainfall per year, with
~1450 mm per year in the Lower East Coast region (NOAA National Centers for Environmental
Information 2021). At least 60% of rainfall occurs between June and September, with deficits in
October and November (Twilley et al. 1986; Chen and Twilley 1999b). This Gulf of Mexico
region supports six-month wet (May-October) and dry (November-April) seasons, with high
precipitation levels especially because the coastline is regularly subjected to extensive Atlantic
hurricane seasons. Most recently, Hurricane Wilma in 2005, and Hurricane Irma in 2017
impacted both Shark River and Rookery Bay (Rookery Bay National Estuarine Research Reserve
Management Plan 2013; Radabaugh et al. 2019; Castañeda-Moya et al. 2020). These storms
periodically cause sediment and nutrient loading and deposition events to these mangroves and
the greater South Florida landscape (Castañeda-Moya et al. 2010; Castañeda-Moya et al. 2020).
TS-7, however, is separated by the physical boundary of the Buttonwood Ridge. This barrier
lessens store surge severity to the site, less than 1 m in height compared to ~3 m of surge at SRS6 and, in turn, deposition from hurricanes (Castañeda-Moya et al. 2010; Castañeda-Moya et al.
2020). The carbonate sedimentary setting of South Florida’s coastline is defined by the limestone
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bedrock and resulting organogenic in situ sedimentary processes (Twilley et al. 1999; Balke and
Friess 2016; Worthington et al. 2020).

2.2.1.3. Coastal Environmental Setting
Coastal environmental settings describe the geomorphology of these systems and provide
infrastructure for environmental processes in the estuary (Twilley et al. 2018). Rookery Bay is a
tide-dominated coastal estuarine lagoon with mixed semidiurnal tides and an annual mean tidal
range of 0.6 m (Rookery Bay National Estuarine Research Reserve Management Plan 2013).
Tides in Rookery Bay change seasonally, with peak number of tides in September and longer
flooding duration after precipitation events due to slow drainage in the basin system (Twilley and
Chen 1998; Krauss et al. 2006). This coastal depositional environment is characterized by the
physical forcing functions of tides and winds, with minor river flow serving as a source of
freshwater and terrigenous sediment input. Mean annual river discharge from Henderson Creek
into the estuary is 0.68 m3 s-1 (Cahoon and Lynch 1997). Hydroperiod in the basin forest at
Rookery Bay is intermittent, with a flooding duration of 4,040 h yr-1, or 46.0% time flooded, and
an inundation of 93 tides yr-1 (Krauss et al. 2006). Shark River is also a tide-dominated estuary
with a mean tidal range of 2.3 m across the whole estuary and 1 m at SRS-6 (Smith et al. 2016).
Slough system hydrology in the FCE provides little allochthonous inputs from the river to the
east, with more inputs arriving from the estuary’s semi-diurnal tides on the west coast.
Hydroperiod in Shark River is moderate, with a flooding duration of 5,592 h yr-1, or 63.7% time
flooded, and an inundation of 395 tides yr-1 (Castañeda-Moya et al. 2011). In contrast, Taylor
Slough basin at TS-7 is a non-tidal or microtidal system with a mean tidal range lower than 0.05
m (Davis, III et al. 2001). Flooding at Taylor Slough is instead controlled by seasonal freshwater
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inputs from precipitation, runoff, and wind-driven estuarine inputs (Ewe et al. 2006; CastañedaMoya et al. 2011; Castañeda-Moya et al. 2013). However, Taylor Slough has almost no
inorganic inputs with low water velocity emphasizing lack of allochthonous inorganic nutrient
sources (Davis, III et al. 2001). The permanent nature of flooding and stressful hydroperiod at
Taylor is evident with a flooding duration of 8,653 h yr-1, or 98.5% time flooded, and an
inundation of only 6 tides yr-1 (Castañeda-Moya et al. 2011). Taylor Slough is a major source of
freshwater that drains through Taylor River into Florida Bay, with seasonal variation based on
sheet flow in the wet season (Michot et al. 2011). Hydroperiod, through duration and flooding
frequency, is most stressful at Taylor Slough, followed by Rookery Bay, and Shark River.
Environmental stress is exacerbated in flooded soil conditions where a reduced environment
gives rise to increased concentration of toxic sulfides (Castañeda-Moya et al. 2011; CastañedaMoya et al. 2013). Sulfide levels in porewater at Taylor Slough are the most stressful, with
concentrations of 0.01 mM, compared to the interior forest at Rookery Bay with 0.14 mM, and
0.86 mM at Shark River (McKee 1993; Castañeda 2010; Castañeda-Moya et al. 2013). Patterns
in sulfide concentrations regulate biomass allocation, while phosphorus concentrations provide
resources for biomass allocation (Mancera-Pineda et al. 2009; Castañeda-Moya et al. 2013).

2.2.1.4. Ecological Forest Type
These sites represent three ecological mangrove forest types in South Florida’s landscape,
characterized by unique physiognomy and forest structure (Lugo and Snedaker 1974) (Figure
2.2). SRS-6, referred to in this study as SR, (25° 21' 52.67" N, 81° 4' 40.61" W) is a low-density
riverine mangrove forest dominated by Laguncularia racemosa (L.) Gaertn f., located ~4.1 km
from the mouth of Shark River Estuary. Study plots were positioned ~10-20 m inland from Shark
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River. TS-7, referred to in this study as TS, (25° 11' 48.34" N, 80° 38' 31.48" W) is dominated by
Rhizophora mangle (L.) scrub forest ~1.5 km inland from Florida Bay. Taylor Slough is
characterized by a system of tidal creeks and small mangrove islands patches.
Canopies at Shark River can reach 18 m, whereas mangrove canopies in Taylor Slough
are dwarf scrub forests at 1-2 m (Simard et al. 2006; Smith and Whelan 2006). Rookery Bay
(RB) is an interior basin forest (26° 1' 16.56" N, 81° 44' 2.91" W), located ~10 m inland from the
coastal berm that runs parallel to the fringe in an area known as Cat’s Claw. This area is a mixedspecies forest zone with Avicennia germinans (L.), L. racemosa, and R. mangle trees that can
reach 11 m canopies (Twilley et al. 1986). The fringing area on the lagoon side of the berm is
dominated by R. mangle, and around 65 m further inland from the berm, the basin forest is
dominated by a monospecific stand of A. germinans (Twilley et al. 1986; Warner 1990). Within
the two mangrove transects of the LTER system in the Everglades, SRS-6 and TS-7 respectively
represent highest and lowest soil fertility for P concentration with atomic N:P ratios of 33.6 and
125.6 (Chen and Twilley 1999b; Poret et al. 2007). Compared to these fertility extremes,
Rookery Bay has more moderate soil fertility with atomic N:P ratios ranging from 54 to 78
(Lynch 1989). Soil fertility at these sites therefore follows the same gradient as hydroperiod with
most limited nutrient availability at Taylor Slough, followed by Rookery Bay, and Shark River.
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Figure 2.2. Map of South Florida with mangrove study sites SR, RB, and TS. RB = interior
forest at Rookery Bay in Rookery Bay National Estuarine Research Reserve; SR = riverine forest
at SRS-6 in Shark River in the Florida Coastal Everglades Long Term Ecological Research (FCE
LTER) network at Everglades National Park (ENP); TS = TS-7 at scrub forest in Taylor Slough
in the FCE LTER network at ENP.
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2.2.2. Field Studies
2.2.2.1. Soil Organic Carbon
Soil cores were sampled to depths ranging from 0.7 to 0.86 m at 10-cm depth intervals
using an AMS Gouge soil auger (1 m depth, 6.35 cm diameter) (AMS Inc., American Falls,
Idaho). Three cores were sampled at each site. Soil samples were stored in coolers with ice or
refrigerated at 4°C until processed for nutrient analyses at Louisiana State University. Soil
samples were dried at 60°C to a constant mass and bulk density (g cm-3) was calculated by
dividing dry mass (dm) by sample volume. Soil samples were ground into a fine powder using a
grinding mill (Quaker City Grinding Systems LLC, Phoenixville, Pennsylvania) and an MM 200
ball mill (Retsch GmbH, Haan, Germany) to break down samples that contained pieces of roots.
Organic matter content (OM, % dm) was measured using loss-on-ignition (LOI) by heating
samples in a Thermolyne Tabletop Muffle Furnace (Thermo Fisher Scientific Inc., Waltham,
Massachusetts) at 550ºC for 2 hours (Davies 1974; Howard and Howard 1990; Nelson and
Sommers 1996). To remove any inorganic carbonates from soil for elemental analysis, samples
were fumigated with 30 µl of distilled de-ionized water in silver capsules, inside a desiccator
with 12 M hydrochloric acid for 14 hours (Harris et al. 2001). Every other 10-cm interval was
tested and used to represent 20-cm intervals (for example, 0-10cm was tested and used to
represent 0-20cm depth). Total organic carbon (TOC, mg gdm-1) and total nitrogen (TN, mg
gdm-1) were measured using an ECS 4010 elemental analyzer (Costech Analytical Technologies
Inc., Valencia, California). TOC and TN were also expressed as nutrient content (% of dm) and
nutrient density (nutrient concentration in mg gdm-1 x bulk density in gdm cm-3 = mg cm-3), and
C to N atomic ratios (C:N). These stoichiometric ratios were calculated by dividing measured
percent concentration of each element by its atomic mass. SOC densities were converted to SOC
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stocks (MgC ha-1 depths ranging from 0.70 to 0.86 m) by multiplying SOC density (kgC m-3) in
20-cm depth intervals by 0.2 m, with all values summed across the depth of each core taken
(Rovai et al. 2021). These values were converted from kgC m-2 to MgC ha-1 and expressed as site
means (± standard error).

2.2.2.2. Belowground Root Mass and Carbon Storage
Experimental design included excavation of soils at each site using both core (CastañedaMoya et al. 2011; Cormier et al. 2015) and trench techniques (Komiyama et al. 1987; Komiyama
2000; Khan et al. 2009; Santos et al. 2017). Previous established plots were used at Shark River
(Chen and Twilley 1999a; Poret et al. 2007; Castañeda 2010), Taylor Slough (Poret et al. 2007;
Castañeda 2010), and Rookery Bay (Twilley 1985; Lynch et al. 1989). Additional aboveground
plots (10 m x 10 m) were re-established to measure forest structure at Rookery Bay (see
Appendix C). Three trenches per site (0.5 m x 0.5 m in area) were excavated to a depth of 0.4 m
at stations located haphazardly near established aboveground plots. Metal trench frames made of
light-weight aluminum with sharpened bottom edges were used to cut through existing roots to
desired depth (Figure 2.4; see Appendix B for additional detailed photographs of trench
excavation field methods). The frame was hammered into the ground using wooden boards and a
sledgehammer to ensure consistency amongst trenches and maintain the integrity of trench walls
while digging. A shovel with a serrated saw blade was used to cut through tough root material
(American Lawn Mower Co., Indianapolis, Indiana). Two metal cores (0.6 m depth, 10.2 cm
diameter) were placed within each trench frame in opposite corners. A pre-marked PVC pipe
was used as a reference point in the center of the trench to measure layer depths, and all material
in each trench was removed by hand-digging. Total volume of each trench was approximately
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31.8 times the volume of a root core (trench: surface area x depth = (0.5 m x 0.5 m) x 0.4 m =
0.1 m3 = 100 L; core: surface area x depth = 0.785 m x 0.4 m = 0.00314 m3 = 3.14 L) (see Figure
2.3). At each site, three trenches were the equivalent volume of approximately 95.4 cores (300
L). Nine trenches were excavated across all three sites, sampling the equivalent volume of
approximately 286.2 cores (900 L).
Soil material collected from trenches and cores was separated into four 10-cm strata to 40
cm depth to measure a depth profile of root mass. Water that often began to fill up inside the
trench frame during high tide needed to be manually pumped out. The high tide stage was higher
than the frame at Taylor Slough, limiting sampling to only two layers (0-20 cm and 20-40 cm).
After excavation of each trench, root cores were retrieved and sliced into 10-cm strata, consistent
with depth profile intervals established with trench layers. Finally, sphagnum peat moss, which
has similar characteristics to mangrove soils (Mckee et al. 2007), was transferred into excavated
trenches to minimize negative sampling impacts on the ecosystem. All root material was stored
in coolers with ice or refrigerated at 4°C during the length of time required to process samples at
LSU.

23

Figure 2.3. Conceptual diagram (not drawn to scale) of sample excavation volume from A.) a
trench and B.) a core. Both trenches and cores reached a depth of 0.4 m with 10-cm strata, and
trench volume was approximately 31.8 times the volume of a single core. C.) Representation of
32 cores inside a trench to show equivalent volume across sampling methods.
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A.)

B.)

Figure 2.4. Example of trench and root core field methods for belowground root mass excavation
at the interior site at A.) Rookery Bay National Estuarine Research Reserve, and B.) Shark River
in the Florida Coastal Everglades in August 2020.
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Roots were rinsed using 0.5 mm mesh sieves and separated into biomass and necromass
categories using a buoyancy test (typically, live roots float and dead roots sink) (Cormier 2003;
Giraldo-Sanchez 2005; Castañeda 2010). However, there were several samples where buoyancy
did not allow for clear distinctions between live and dead roots (especially for heavy larger
roots), so visual assessments of root color and turgidity, along with cross-sections were used to
determine intact epidermis (Figure 2.5). Living roots were sorted by hand into three diameter
size classes (small/fine = 0-5 mm, coarse = 5-20 mm, and large ³ 20 mm) (Figure 2.6). Roots
from Taylor Slough were particularly difficult to sort, as most root material collected was fine
roots (< 2 mm) that did not float and mixed with necromass. All roots were dried at 60°C to a
constant mass to determine total root mass (g m-2), belowground biomass (g m-2), and necromass
(g m-2). Large roots and necromass collected in trenches were initially ground into smaller pieces
using a Sun Joe Electric Wood Chipper and Shredder (Snow Joe LLC, Hoboken, New Jersey).
Small/fine and coarse roots were initially ground using a kitchen blender. Root samples in small
quantities were then ground to a fine powder with an MM 200 ball mill (Retsch GmbH, Haan,
Germany) and large quantities were ground using a Grain Grinder Mill (CGoldenwall, Zhejiang,
China) to maximize grinding efficiency. Roots were analyzed for total carbon (TC, g gdm-1) and
total nitrogen (TN, g gdm-1), measured following the same procedure described for soil samples.
TC and TN were also expressed as nutrient content (% of dm) and nutrient density (nutrient
concentration in g gdm-1 x plant mass in gdm cm-2 = gC cm-2 and mgN cm-2), and C to N atomic
ratios (C:N). Carbon stocks in roots (MgC ha-1) were determined as means (± standard error), by
factors including site, vitality (biomass or necromass), and biomass size classes (small/fine,
coarse, and large), and were normalized to 0.5 m depth.
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Figure 2.5. Examples of mangrove necromass (dead roots).
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A.)

B.)

C.)

Figure 2.6. Examples of belowground biomass (live roots) of varying size classes, including A.)
small/fine roots, 0-5 mm; B.) coarse roots, 5-20 mm; and C.) large roots, ³ 20 mm.
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2.2.2.3. Root Decomposition
Root decomposition rates, along with lignin composition, were measured across biomass
size classes in riverine (SR) and scrub (TS) sites in the FCE, as well as interior and fringe
mangrove sites in RBNERR. This fringe site was only used for this decomposition experiment,
in an R. mangle-dominated fringe mangrove (26° 1' 30.10" N, 81° 43' 55.53" W) located near
Rookery Bay Research Station and the interior mangrove site used in this study. Root material
was collected from trench sampling in the interior forest at Rookery Bay and buried in root bags
at all sites. Site-specific roots were not considered necessary for decomposition testing, as a
study in the FCE LTER sites did not observe root substrate quality to be a determining factor in
measuring decomposition rates (Poret et al. 2007). Roots were rinsed and sorted into three
diameter size classes (fine = 0-2 mm, coarse = 5-20 mm, and large ³ 20 mm). Nylon tea bags
with 1-mm mesh filled with air-dried root material were buried 20 cm in the ground, deployed at
all four sites attached to PVC pipes with fishing line (fine roots were air-dried for 10 hours; large
and coarse roots were air-dried for 5 hours). Thirty decomposition bags were deployed in total,
with three fine root bags buried in the interior and fringe sites at Rookery Bay, and three coarse
and three large root bags buried at each of the four sites (3.47- 4.62 g of fine roots; 10.11- 11.17
g of coarse roots; 8.14- 13.55 g of large roots) (Poret et al. 2007; Keuskamp et al. 2013). Bags
were incubated under field conditions for just under 200 days from August 2020 to February
2021 (199 days at Taylor Slough; 192 days at Shark River; 197 days at Rookery Bay sites). Root
bags were retrieved, rinsed, and air-dried for the same duration as pre-experimental conditions,
then dried at 60°C to a constant mass, and weighed to determine the difference in oven-dried
mass. Decomposition rates were calculated using an exponential decay model (Eq. 1) to
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determine the decay coefficient, k (coefficient of determination, r2) (Brinson 1977; Twilley et al.
1986; Twilley et al. 1997; Poret et al. 2007).
Mt/M0=e-kt,

(Eq. 1)

where Mt = mass at time t, M0 = initial mass, k = degradation coefficient per day, and t = time in
days. Decomposition rate was expressed as a degradation coefficient (k; day-1), and as an organic
matter decay constant (yr-1). Post-incubation samples were ground using an MM 200 ball mill
(Retsch GmbH, Haan, Germany) and selected samples were analyzed for LOI (% OM). Root
samples from trenches at Rookery Bay were used to represent pre-experiment roots and selected
samples were analyzed for LOI (% OM).
Lignin content was measured in belowground plant material, ground samples were
separated for both biomass and necromass, and by biomass size category (small/fine, coarse, and
large). These samples were homogenized across depth within each trench to assess lignin by
mass category (n = 9 for small/fine roots, coarse roots, and necromass; n = 7 for large roots).
These samples were sent to the Soil and Forage Analysis Laboratory at the University of
Wisconsin to measure lignin content (% of dm) using an Acid Detergent Fiber and Lignin
Procedure (Van Soest 1963). Lignin content across root size categories was also used to
determine fractions of refractory component of fine and large roots (g g-1) needed for NUMAN
model parameterization (Chen and Twilley 1999a; Poret et al. 2007).

2.2.3. NUMAN Model Simulations: Soil Accretion and Carbon Sequestration
The NUMAN model was developed with 22 adjustable input parameters related to
development of SOM. Using an Odum system diagram of the NUMAN model the relative
significance and influence of each individual parameter was assessed to determine the most
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important parameters to adjust. Parameters were adjusted or modified to reflect individual site
conditions at SR, RB, and TS where necessary. To evaluate NUMAN model performance,
simulations at each site were compared with estimates from field studies of organic matter
content and bulk density along depth profiles. To make direct comparisons between field
estimates and model simulations of root mass (g m-2), root mass was summed across cohort
layers. This value is referred to as integrated root mass (RI) to a given depth. Model outputs of RI
in g cm-2 were converted to g m-2. Unless otherwise described, other model parameters were the
same as those used with the original model run for S3, a site at Shark River Estuary (adjacent to
SR).
Sensitivity analyses were used to assess model outputs to several selected parameters,
and to estimate values for parameters not available in NUMAN. To observe effects of small
changes on model outputs, only one variable at a time was adjusted when running sensitivity
analyses as often as possible. Model outputs were directly compared with measured data for
AFDW, BD, RI, and accretion rates to evaluate performance of a parameter applied each site.
Sensitivity of fc1 and fc2 to the model were tested as a pair. To illustrate impacts of changes
made to model parameterization, parameters used for S3 and SR were compared as conditions at
S3 and SR are likely indistinguishable due to proximity of these sites. Additional comparisons
were made between model runs with biomass only and total root mass (including necromass) at
each site.
Accretion rates (cm yr-1) were calculated by dividing the cumulative elevation of the soil
column (cm) by the amount of time it took to accumulate (yr). Accretion rates for the top 50 cm
of soil for each site were converted to mm yr-1 to compare with measured field estimates from
the literature. Carbon sequestration rates were determined as the product of accretion rate (cm
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yr-1), mean bulk density (gdm cm-3), and mean concentration of soil organic carbon (gC g-1)
measured in top 50 cm soil.

2.2.4. Statistical Analyses and Data Processing
Trenches (n = 3) were nested within each site and treated as sampling units. For
comparisons in trench layers of total root mass, root biomass only, and root necromass only, twoway ANOVAs were used to compare across site and depth factors, as well as site by size class
for biomass only in trenches summed to 0.4 m depth. Two-way ANOVAs were used to compare
total root mass, root biomass only, and root necromass only across site and method, with core
and trench values summed to 0.4 m depth. Lignin content, total carbon, and lignin:N in roots
were tested using two-way ANOVAs across site and vitality, and site and category for lignin. To
compare total root mass, root biomass only, and root necromass only summed to 0.4 m across
sites, one-way ANOVAs were used to compare across sites. Soil organic carbon stocks were
compared across sites using a one-way ANOVA. Finally, decay constant was tested with a twoway ANOVA by site and size class. To meet assumptions of parametric testing, including
normality and homogeneity of variances, some transformations were necessary. These included
log (x+1) for root biomass to 0.4 m for site by size class, and sqrt(max(x+1)-x) for lignin content
by site and vitality or category. All post-hoc analysis used a Tukey’s test to conduct multiple
comparisons with adjusted p-values.
All effects, including site, depth, method, vitality, and category factors were considered
fixed. Levels for site were Rookery Bay, Taylor Slough, and Shark River. Depth levels were 020 cm and 20-40 cm for comparisons within each site and when comparing across all sites.
Method refers to trench and core root sampling methods. Vitality was used to describe whether
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roots were living or dead, with biomass and necromass levels. Size class was a factor that only
applied to root biomass, with three classes including small/fine, coarse, and large roots. Finally,
category described all groups including biomass size classes (small/fine, coarse, and large roots)
and dead roots. Statistical significance was determined for all tests with an alpha value of 0.05,
and post-hoc analyses were used when p-values yielded significant differences to determine
which factors had different means. All tests compared means which are reported with standard
error values. Data and statistical analysis were processed using Microsoft Excel and R statistical
software (R Core Team 2021).
All work with the NUMAN model was conducted in Python (Python Software
Foundation 2021) and Microsoft Excel. Code for the soil organic matter component of NUMAN
(Chen and Twilley 1999a) was translated into Python from its original form in C++ prior to this
thesis (Kaiser 2018). None of the original code or equations from the NUMAN model were
changed in this thesis. All data visualizations and further analysis of model results were created
and run in R (R Core Team 2021).
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2.3. Results
2.3.1. Soil Characteristics and Organic Carbon Stocks
Bulk density, TN density, and IM density were greatest at Shark River, followed by
Rookery Bay, and Taylor Slough (Table 2.2). Atomic C:N ratios, OM, TOC, TN, and SOC
density all followed the trend of greatest values at Taylor Slough, followed by Rookery Bay, and
Shark River. SOC stocks, normalized to 1 m depth, were greatest at Rookery Bay, followed by
Taylor Slough, and Shark River. Soil characteristics across depth profiles for each site illustrate
patterns of vertical distribution (Figure 2.7; Figure 2.8). SOC stocks in the top meter of soil were
largest at Rookery Bay (364.98 ± 33.13 MgC ha-1), followed by Taylor Slough (337.14 ± 19.30
MgC ha-1), and then Shark River (322.91 ± 16.84 MgC ha-1) (n = 3 at each site) (Figure 2.7).
There were no significant differences between mean SOC stocks across sites (n = 9; Table 2.2).
Mean SOC independent of site was 341.68 ± 13.57 MgC ha-1.
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Table 2.2. Soil characteristics at each site, Shark River (SR), Rookery Bay (RB), and Taylor
Slough (TS). Values are means ± standard error, independent of depth across soil cores ranging
from 0.7 to 0.86 m deep (n = 12 to 24; for SOC stocks n = 3). Roots were not removed from soil
cores. Statistical results for SOC stocks (ns = not significant).
Variable—Mean (± SE)

SR

RB

TS

Bulk density (gdm cm-3)

0.331
(0.022)

0.213
(0.011)

0.170
(0.009)

Organic matter (% dm)

34.1
(1.3)

49.2
(2.0)

64.1
(1.4)

Organic matter density (mgOM cm-3)

107.15
(2.95)

100.39
(2.24)

107.00
(3.99)

Inorganic matter density (mgIM cm-3)

223.91
(19.94)

112.16
(10.17)

62.90
(5.79)

Total organic carbon (% TOC)

13.7
(1.2)

22.5
(1.4)

29.4
(1.1)

Soil organic carbon density (mgOC cm-3)

41.50
(1.33)

46.66
(1.42)

47.69
(3.05)

Total nitrogen (% N)

0.87
(0.05)

1.13
(0.07)

1.33
(0.04)

Total nitrogen density (mgN cm-3)

2.71
(0.09)

2.34
(0.08)

2.19
(0.17)

Atomic C:N

18.0
(0.6)

23.3
(0.3)

25.8
(0.8)

Soil organic carbon stock (MgOC ha-1) in
the top 0.70 to 0.86 m of soil

322.91
(16.84)

364.98
(33.13)

337.14
(19.30)

Average core depth (m)

0.78
(0.04)

0.79
(0.05)

0.70
(0.00)

df
2

F
0.7833

P
0.4986, ns

SOC stock ANOVA source
Site
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Figure 2.7. Bulk density (g cm-3) and concentration (%) of organic matter (OM), total organic
carbon (TOC), and total nitrogen (TN) at each site, Rookery Bay (RB, blue circle), Shark River
(SR, purple square), and Taylor Slough (TS, green triangle) along a depth profile. Values from
soil cores for A.) bulk density (g cm-3), B.) OM (%), C.) TOC (%), and D.) TN (%) are means
for each soil layer (10-cm depth intervals from surface up to 90 cm) (n = 3; n = 2 or n = 1 for 7080 cm and 80-90 cm layers).
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Figure 2.8. Density (mg cm-3) of organic matter (OM), total organic carbon (TOC), and total nitrogen (TN) at each site, Rookery Bay
(RB, blue circle), Shark River (SR, purple square), and Taylor Slough (TS, green triangle) along a depth profile. Values from soil
cores for A.) OM (mg cm-3), B.) TOC (mg cm-3), and C.) TN (mg cm-3) are means for each soil layer (10-cm depth intervals from
surface up to 90 cm) (n = 3; n = 2 or n = 1 for 70-80 cm and 80-90 cm layers).
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2.3.2. Belowground Root Mass
2.3.2.1. Trenches and Cores
There were no large roots collected in cores, and biomass by size class using both
methods at each site is illustrated in Figure 2.9. Coarse root mass was greatest at Taylor Slough
(19.78 ± 3.91 Mg ha-1), followed by Rookery Bay (5.53 ± 1.79 Mg ha-1) and Shark River (4.22 ±
2.15 Mg ha-1). Small/fine root mass was also greatest at Taylor Slough (42.53 ± 6.27 Mg ha-1)
followed by Rookery Bay (4.22 ± 0.59 Mg ha-1), and Shark River (2.11 ± 0.51 Mg ha-1).
Estimates for total root biomass with core data were greater at Taylor Slough (62.31 ± 5.37 Mg
ha-1) compared to Rookery Bay (9.76 ± 2.30 Mg ha-1) and Shark River (6.32 ± 2.34 Mg ha-1)
(Figure 2.15). Necromass in cores was greatest at Rookery Bay (96.59 ± 7.00 Mg ha-1) compared
to Shark River (58.39 ± 8.90 Mg ha-1) and Taylor Slough (39.76 ± 7.13 Mg ha-1). Total root mass
measured in cores was greatest at Rookery Bay (106.34 ± 8.14 Mg ha-1), followed by Taylor
Slough (102.08 ± 12.48 Mg ha-1), and Shark River (64.71 ± 11.24 Mg ha-1). Total root mass
measured in trenches was greatest at Rookery Bay (108.36 ± 3.35 Mg ha-1), followed by Taylor
Slough (91.23 ± 7.11 Mg ha-1), and Shark River (74.42 ± 22.90 Mg ha-1) with no significant
differences among sites (Table 2.3). However, when cores were included, there were significant
differences between sites, with greater total root mass at RB compared to SR (adjusted p-value =
0.0264).
Trench biomass values across all sites (36.59 ± 8.66 Mg ha-1) were greater than core
biomass values (26.13 ± 9.24 Mg ha-1) although they did not differ significantly between site and
method (Table 2.3). Conversely, core necromass (64.91 ± 9.21 Mg ha-1) was greater than trench
necromass (54.74 ± 10.42 Mg ha-1) but this also did not differ significantly between site and
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method (Table 2.3). Total root mass was similar with both methods and means did not differ
significantly between site and method (Table 2.3). Total root mass followed the same pattern
across sites for both trenches and cores.

2.3.2.2. Vertical Distribution
There was no significant variation with depth for total root mass in trenches by site
(Table 2.3). Total root mass, biomass, and necromass generally followed a linear pattern with
respect to depth (Figure 2.10). For biomass only across all sites, there were no significant
differences between depth layers (Table 2.3; Figure 2.10). For necromass only across all sites,
there were also no significant differences between depth layers (Table 2.3; Figure 2.10). These
patterns of linear vertical distribution of total roots, root biomass, and root necromass were
consistent at Shark River (Figure 2.11), Rookery Bay (Figure 2.12), and Taylor Slough (Figure
2.13).
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Figure 2.9. Root biomass by size class (small/fine, coarse, and large roots) to 0.4 m in Mg ha-1
for cores and trenches at each site, Shark River (SR), Rookery Bay (RB), and Taylor Slough
(TS) (n = 3).
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Figure 2.10. Mean (± SE) root biomass, root necromass, and total root mass (biomass plus
necromass) in Mg ha-1 along a depth profile with 20-cm intervals to 0.4 m depth, across all sites
(n = 9). Letters indicate no significant differences between layers.

Figure 2.11. Mean (± SE) root biomass, root necromass, and total root mass (biomass plus
necromass) in Mg ha-1 along a depth profile with 10-cm intervals to 0.4 m depth at Shark River
(n = 3). Letters indicate no significant differences between layers.
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Figure 2.12. Mean (± SE) root biomass, root necromass, and total root mass (biomass plus
necromass) in Mg ha-1 along a depth profile with 10-cm intervals to 0.4 m depth at Rookery Bay
(n = 3). Letters indicate no significant differences between layers.

Figure 2.13. Mean (± SE) root biomass, root necromass, and total root mass (biomass plus
necromass) in Mg ha-1 along a depth profile with 20-cm intervals to 0.4 m depth at Taylor
Slough (n = 3). Letters indicate no significant differences between layers.

42

2.3.2.3. Biomass Size Class
The composition of root size classes in trenches varied significantly across sites (Table
2.3). Large root mass was less than both coarse and small/fine roots (Table 2.3; large < coarse,
adjusted p-value = 0.0129; large < small/fine, adjusted p-value = 0.0138). Large root mass was
greatest at Shark River (14.11 ± 10.05 Mg ha-1), lower at Rookery Bay (4.83 ± 1.62 Mg ha-1),
and lowest at Taylor Slough (0.84 ± 0.84 Mg ha-1). Large roots were significantly greater at SR
compared to TS (adjusted p-value = 0.0466). The coarse root component did not vary much
among sites, with greater coarse roots at Taylor Slough (11.19 ± 4.14 Mg ha-1), compared to
Shark River (10.76 ± 1.91 Mg ha-1) and Rookery Bay (8.17 ± 1.42 Mg ha-1). Small/fine roots
were significantly more abundant at Taylor Slough (52.54 ± 7.75 Mg ha-1) compared to Rookery
Bay (4.86 ± 0.33 Mg ha-1) and Shark River (2.48 ± 0.23 Mg ha-1), comprising 81.4% of root
biomass at Taylor Slough (TS-RB, adjusted p-value = 0.0070; TS-SR, adjusted p-value =
0.0008) (Table 2.3; Figure 2.14).
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Figure 2.14. Mean (± SE) root biomass by size class (small/fine, coarse, and large) to 0.4 m in
Mg ha-1 at each site, Shark River (SR), Rookery Bay (RB), and Taylor Slough (TS) (n = 3).
Letters indicate significant differences between sites within each size class.
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2.3.2.4. Root Vitality
Root biomass in trenches was greatest at Taylor Slough (64.58 ± 12.61 Mg ha-1)
compared to Shark River (27.36 ± 11.39 Mg ha-1) and Rookery Bay (17.85 ± 1.43 Mg ha-1), and
root biomass at TS was significantly greater than root biomass at RB (adjusted p-value = 0.0353)
(Table 2.3). Necromass was significantly greater at Rookery Bay (90.50 ± 2.43 Mg ha-1)
compared to both Taylor Slough (26.65 ± 7.40 Mg ha-1), and Shark River (47.07 ± 13.44 Mg ha1

), but TS and SR did not differ significantly (RB-SR adjusted p-value = 0.0325; RB-TS adjusted

p-value = 0.0057) (Table 2.3). Biomass only accounted for 16.5% of total mass at Rookery Bay
and 36.8% at Shark River, while it accounted for 70.8% at Taylor Slough. Necromass to biomass
ratios were 5.07, 1.72, and 0.41, at Rookery Bay, Shark River, and Taylor Slough, respectively.

Figure 2.15. Mean (± SE) root biomass, root necromass, and total root mass (biomass plus
necromass) to 0.4 m in Mg ha-1 at each site, Shark River (SR), Rookery Bay (RB), and Taylor
Slough (TS) (n = 3). Letters indicate significant differences between means.
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Table 2.3. Statistical results comparing mean root biomass, root necromass, and total root mass
from trenches, and trenches and cores, both summed to 0.4 m and by depth (20-cm layers).
Source of variation
Total root mass (trench only, summed to 0.4 m)
Site
Root biomass (trench + core, summed to 0.4 m)
Site
Method
Site ´ method
Root necromass (trench + core, summed to 0.4 m)
Site
Method
Site ´ method
Total root mass (trench + core, summed to 0.4 m)
Site
Method
Site ´ method
Total root mass (trench only)
Site
Depth
Site ´ depth
Root biomass (trench only)
Site
Depth
Site ´ depth
Root necromass (trench only)
Site
Depth
Site ´ depth
Root biomass (trench only, summed to 0.4 m)
Site
Size class
Site ´ size class

df

F

P-value

2

1.4732

0.3017, ns

2
1
2

28.1139
2.9816
0.8373

<0.0001***
0.1098, ns
0.4567, ns

2
1
2

27.0519
2.2144
0.0951

<0.0001,***
0.1625, ns
0.9100, ns

2
1
2

4.8700
0.0008
0.3461

0.0283,*
0.9777, ns
0.7143, ns

2
1
2

1.3582
0.0045
0.4574

0.2940, ns
0.9475, ns
0.6435, ns

2
1
2

5.9864
0.4814
0.3099

0.0157,*
0.5010, ns
0.7392, ns

2
1
2

18.6162
1.1151
1.0300

0.0002,***
0.3118, ns
0.3865, ns

2
2
4

0.9648
6.7890
11.5536

0.3999
0.0064,**
<0.0001,***

Root biomass (trench only, summed across size class and to 0.4 m)
Site
Root necromass (trench only, summed to 0.4 m)
Site

2

6.2906

0.0337,*

2

13.221

0.0063,**

Significance levels indicated by *P <0.05, **P <0.01, ***P <0.001; ns = not significant.
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2.3.3. Carbon Stored in Roots
Root characteristics are described in detail for vitality categories and across biomass size
classes in SR (Table 2.5), RB (Table 2.6), and TS (Table 2.7). Lignin content was greatest within
necromass (51.91 ± 1.09 %) across all sites, followed by biomass size categories of small/fine
roots (34.79 ± 3.49 %), large roots (25.18 ± 3.64 %), and coarse roots (17.55 ± 0.80 %). Lignin
content was significantly greater in necromass (51.91 ± 1.09 %) than biomass (25.90 ± 2.17 %)
(Table 2.4; Figure 2.16). Lignin content varied significantly between all categories, with the least
lignin in coarse roots, followed by small/fine roots, large roots, and dead roots (small/fine and
large roots did not differ significantly) (Table 2.4). Lignin:N ratios were significantly greater for
necromass compared to biomass across all sites (Table 2.4).
Carbon content was greater across sites in necromass compared to root biomass (Table
2.4). Carbon content in necromass was greatest at Rookery Bay (48.34 ± 0.73 %), followed by
Shark River (45.35 ± 0.47 %), and Taylor Slough (43.75 ± 1.12 %). Root biomass followed the
same pattern across sites (RB: 43.18 ± 0.53 %; SR: 42.78 ± 0.41 %; TS: 40.76 ± 0.71%) (Figure
2.16; Table 2.5, Table 2.6, and Table 2.7). At each site, within biomass size classes, large roots
consistently had the greatest carbon content (Table 2.5, Table 2.6, and Table 2.7). Atomic C:N
ratios were greater in necromass than biomass at each site, and at all sites C:N in biomass was
greatest in large roots, followed by coarse roots, and small/fine roots.
The largest reservoir of carbon stored in biomass at Shark River was in the large roots,
followed by coarse roots, and small/fine roots. In biomass at Rookery Bay the most carbon was
stored in coarse roots, followed by fine roots, and large roots. At Taylor Slough, fine roots stored
the most carbon, followed by coarse roots and large roots. These patterns were consistent to both
40 cm and 50 cm depth. At Taylor Slough, biomass stored more carbon than necromass. But at
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Shark River and Rookery Bay, necromass stored more carbon than biomass. Of total root carbon
storage, necromass carbon storage accounted for 35.6% at Taylor River, 64.5% at Shark River,
and 86.2% at Rookery Bay. Within root biomass, large root carbon storage accounted for 53.1%
at Shark River, followed by 23.4% at Rookery Bay, and 5.3% at Taylor River.
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Table 2.4. Statistical results comparing mean lignin content, lignin:N, and total carbon in roots.
Source of variation
Lignin content
Site
Vitality
Site ´ vitality
Lignin content
Site
Category
Site ´ category
Lignin:N
Site
Vitality
Site ´ vitality
Total carbon
Site
Vitality
Site ´ vitality

df

F

P-value

2
1
2

4.6437
65.2898
0.1293

0.0181,*
< 0.0001,***
0.8792, ns

2
1
6

13.002
73.080
3.446

0.0002,***
< 0.0001,***
0.0149,*

2
1
2

16.3362
19.2301
2.4383

< 0.0001,***
0.0001,***
0.1056, ns

2
1
2

10.8208
47.0820
2.6298

0.0001,***
< 0.0001,***
0.0817, ns

Significance levels indicated by *P <0.05, **P <0.01, ***P <0.001; ns = not significant.
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Figure 2.16. Carbon, lignin, and nitrogen content (%) across root vitality. Letters indicate
significant differences in means across all sites.
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Table 2.5. Root characteristics at Shark River for trench roots across vitality (live or dead) and
biomass size class (small/fine, coarse, and large) to 0.4 m depth. Values are means (± standard
error).
Variable
Mean (± SE)

Live
Roots

Small/Fine

Coarse

Large

Dead
Roots

Total
Roots

Root mass (g m-2)

2,735
(1,139)

248
(23)

1,076
(191)

1,411
(1005)

4,707
(1,344)

7,442
(2,290)

Total Carbon
(mgTC gdm-1)

427.8
(4.1)

435.2
(3.6)

412.8
(7.9)

438.0
(6.8)

453.5
(4.7)

434.7
(3.6)

Total Nitrogen
(mgTN gdm-1)

7.2
(0.4)

8.6
(0.3)

6.4
(0.2)

6.5
(1.1)

11.4
(0.4)

8.3
(0.4)

Atomic C:N

74.39
(3.65)

59.82
(1.68)

75.85
(1.97)

91.87
(10.45)

47.46
(2.33)

67.21
(3.27)

Lignin content
(% of dm)

22.15
(1.89)

28.65
(1.89)

18.15
(1.30)

19.64
(2.34)

50.74
(1.97)

29.29
(4.01)

Lignin:N

30.99
(1.30)

33.39
(1.36)

28.48
(2.58)

31.09
(2.40)

44.64
(0.63)

34.40
(2.03)

11.70
(5.08)

1.08
(0.10)

4.41
(0.77)

6.21
(4.50)

21.28
(6.08)

32.98
(10.38)

Cumulative
carbon stored in
roots to 40 cm
(MgC ha-1)
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Table 2.6. Root characteristics at Rookery Bay for trench roots across vitality (live or dead) and
biomass size class (small/fine, coarse, and large) to 0.4 m depth. Values are means (± standard
error).
Variable
Mean (± SE)

Live
Roots

Small/Fine

Coarse

Large

Dead
Roots

Total
Roots

Root mass
(g m-2)

1,785
(144)

486
(33)

816
(142)

483
(162)

9,050
(243)

10,835
(335)

Total Carbon
(mgTC gdm-1)

431.8
(5.3)

437.1
(6.7)

421.1
(9.6)

446.5
(6.6)

483.4
(7.3)

448.1
(5.8)

Total Nitrogen
(mgTN gdm-1)

8.2
(0.4)

9.2
(0.3)

7.4
(0.5)

7.9
(1.8)

14.8
(0.4)

10.3
(0.6)

Atomic C:N

64.30
(2.97)

55.84
(1.59)

68.52
(3.12)

75.99
(15.44)

38.51
(1.32)

56.16
(2.85)

Lignin content
(% of dm)

24.22
(3.15)

27.37
(1.01)

15.64
(1.20)

29.66
(7.76)

51.16
(2.04)

30.96
(4.24)

Lignin:N

29.92
(3.02)

30.08
(1.87)

22.02
(3.40)

37.67
(5.79)

34.60
(0.73)

31.09
(2.32)

Cumulative
carbon stored in
roots to 40 cm
(MgC ha-1)

7.01
(1.16)

2.14
(0.18)

3.23
(0.34)

1.64
(1.03)

43.87
(1.26)

50.87
(2.25)
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Table 2.7. Root characteristics at Taylor Slough for trench roots across vitality (live or dead) and
biomass size class (small/fine, coarse, and large) to 0.4 m depth. Values are means (± standard
error).
Variable
Mean (± SE)

Live
Roots

Small/Fine

Coarse

Large

Dead
Roots

Total
Roots

Root mass
(g m-2)

6,458
(1,261)

5,254
(775)

1,119
(414)

84
(84)

2,665
(740)

9,123
(711)

Total Carbon
(mgTC gdm-1)

407.6
(7.1)

412.4
(2.1)

394.6
(11.7)

449.2

437.5
(11.2)

418.2
(6.9)

Total Nitrogen
(mgTN gdm-1)

7.9
(0.8)

10.5
(0.8)

5.9
(0.2)

5.0

8.6
(0.3)

8.1
(0.5)

Atomic C:N

66.37
(6.28)

46.86
(3.67)

78.41
(1.46)

103.71

59.59
(1.19)

63.98
(4.09)

Lignin content
(% of dm)

32.88
(5.68)

48.37
(1.65)

18.88
(1.29)

28.39

53.84
(1.82)

39.17
(5.05)

Lignin:N

42.39
(4.05)

47.76
(2.84)

32.17
(2.24)

56.95

62.82
(3.77)

48.52
(4.28)

21.65
(7.97)

17.53
(6.07)

3.74
(1.80)

1.14

11.95
(3.37)

33.56
(7.26)

Cumulative carbon
stored in roots to 40
cm (MgC ha-1)
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2.3.4. Root Decomposition
Mean (± SE) decay coefficient (k) for fine roots (0.00107 ± 0.00023 day-1) across both
Rookery Bay sites (fringe and interior), was greater than k for coarse roots (0.00070 ± 0.00006
day-1). K for coarse roots (0.00092 ± 0.00004 day-1) at Shark River, was less than k for large
roots (0.00105 ± 0.00035 day-1). K for coarse roots (0.00101 ± 0.00005 day-1) at Taylor Slough,
was also less than k for large roots (0.00089 day-1). Site means were 0.00090 ± 0.00013 day-1 at
Rookery Bay, 0.00098 ± 0.00016 day-1 at Shark River, and 0.00098 ± 0.00005 day-1 at Taylor
Slough. Converted to yr-1, these site means were 0.329 ± 0.049 day-1 at Rookery Bay, 0.359 ±
0.059 day-1 at Shark River, and 0.357 ± 0.017 day-1 at Taylor Slough.
Mass differences for some large roots were not feasible because initial masses were less
than final masses. These included large roots from Rookery Bay fringe (n = 3), Rookery Bay
interior (n = 3), and Taylor Slough (n = 2). These samples were not included in site and size class
means of decay constants. To assess whether final masses had more sediment that had not been
properly rinsed, organic matter from LOI was compared. Mean organic matter of initial coarse
roots (86.75 ± 2.52 %) was less than organic matter of final coarse roots (93.11 ± 0.65 %).
Organic matter of initial large roots (91.76 ± 1.14 %) was less than organic matter of final coarse
roots (92.13 ± 1.11 %). There were no significant differences in means between sites, between
size classes, or with the interaction between sites and size classes (Table 2.8; Figure 2.17).
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Figure 2.17. Decay coefficients (k; yr-1) by size classes. Letters indicate no significant
differences in means.
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Table 2.8. Statistical results for decay constant in decomposition experiment.
Source of variation

df

F

P-value

Decay constant
Site
Size class
Site ´ size class

2
2
1

0.0609
2.3535
0.5448

0.9411, ns
0.1291, ns
0.4718, ns

ns = not significant
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2.4. Discussion
2.4.1. Soil Characteristics and Soil Organic Carbon Stocks
Soil characteristics measured are comparable to previous data collected at these sites.
Bulk density values reported previously include 0.21 and 0.19 g cm-3 at SRS-6 and 0.15 and 0.16
g cm-3 at TS-7 (Poret et al. 2007; Castañeda-Moya et al. 2013). Mean bulk density at Rookery
Bay previously ranged from 0.21 to 0.25 g cm-3 (Lynch et al. 1989). Soil atomic C:N ratios from
the literature differed slightly, although followed the same trend, with lesser ratios at SRS-6
compared to TS-7 (Poret et al. 2007; Castañeda-Moya et al. 2013). The trend of C:N ratios, %
organic matter, % TOC, % TN, and SOC density decreased along the biomass allocation gradient
(from Taylor Slough to Rookery Bay to Shark River) (Table 2.2). Higher soil C:N ratios make it
possible for the plants to expend carbon on compounds such as lignin (Vogt et al. 1991). Vertical
distribution of soil characteristics is relatively linear for all variables and sites with respect to
depth (Figure 2.7; Figure 2.8).
Mean SOC densities (mgOC cm-3) at Shark River, Rookery Bay, and Taylor Slough
(Table 2.2.2) are comparable with values from a previous assessment of available site means that
found 58.28 mgOC cm-3 at Shark River which was significantly greater than 48.28 mgOC cm-3 at
Rookery Bay and 47.05 mgOC cm-3 at Taylor Slough (Rovai 2016; Rovai et al. 2018). All mean
SOC densities were greater than one global average 32.95 mgOC cm-3 (Rovai 2016; Rovai et al.
2018), but these values are closer to a previous soil carbon density global estimate in mangroves
which was 55 mg cm-3 (Chmura et al. 2003). On a global scale, carbonate mangrove systems had
the largest ecosystem-level carbon stocks (soil organic carbon combined with carbon stored in
roots and aboveground biomass) of any coastal environmental setting, with a mean of 451 MgC
ha-1 (Rovai et al. 2021).
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2.4.2. Trenches and Cores
2.4.2.1. Root Biomass
Root mass estimates based on sampling with cores yielded similar results to the trench
method. Actual values differed unevenly depending on site and root vitality. Root biomass
means at each site were greater when collected using the trench method, compared to cores. For
root biomass, Taylor Slough was greatest across both methods. Core data yielded greater root
biomass at Rookery Bay compared to Shark River, whereas using trench data, root biomass at
Shark River was greater than at Rookery Bay. Necromass followed the same pattern comparing
sites across both methods. Biomass was greater using the trench method compared to the core
method with 10.46 Mg ha-1 more biomass overall compared to cores. There was 10.17 Mg ha-1
more necromass in cores compared to trenches, so overall there were no differences for total root
mass. Across all sites, there were no significant differences between trench and core methods.
But, at Shark River, trench biomass was over four times greater than core biomass, where large
roots at the site account for ~52% of root biomass. At Rookery Bay large roots make up 27% of
root biomass and were almost non-existent at Taylor Slough at 1.3%. At Shark River, without the
trench method, over half of the root material may not be sampled, which emphasizes the need to
consider if site conditions require large root trench sampling.
Determining appropriate belowground sampling protocols should be a site-specific
decision, dependent on geomorphological and environmental conditions of a site as related to
biomass allocation. Due to variation in biomass allocation distribution as a response to these site
conditions, and therefore live root size class composition, Taylor Slough is a site with lower
investment in aboveground biomass allocation (12.5 Mg ha-1; Coronado-Molina et al. 2004) but
much greater fine root composition. But Shark River and Rookery Bay, whose mangroves
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exhibit a much larger investment in aboveground biomass, with 162.2 Mg ha-1 at SRS-6
(Castañeda-Moya et al. 2013) and 72.5 Mg ha-1 at Rookery Bay (Warner 1990), have
approximately half and one-third of their biomass comprised of large roots. This methods
comparison suggests that the trench method would not be a necessary measurement technique in
the Taylor Slough scrub forest (where root-to-shoot ratios are higher) and core sampling would
likely be sufficient. Biomass allocation to fine roots is typically driven by nutrient limitation but
can also be a response to higher water demands (Ball 1988; Castañeda-Moya et al. 2013). High
salinities often seen in scrub forests therefore result in greater root-to-shoot ratios compared to
interior and riverine mangroves. But large roots are likely to be an important function of
belowground root biomass that can only be measured with a trench in riverine or interior forests,
that have greater aboveground biomass allocation and lower root-to-shoot ratios.
Previously fine root mass (< 2 mm) collected with the core method at TS-7 was estimated
at 28.95 Mg ha-1 to 45 cm depth, and 46.73 Mg ha-1 to 90 cm depth (Castañeda-Moya et al.
2011). This study compares with 52.54 Mg ha-1 for small/fine roots from trenches, and 42.53 Mg
ha-1 from cores (to 40 cm depth). It is important to note these values also include small roots (2-5
mm) that could be causing larger estimates in this study. Given the time required for
belowground soil development in mangrove forests, it is unlikely that any differences between
biomass values at a given site would change on small temporal scales (i.e., despite ten years
between sampling campaigns). Previous fine root mass sampled at SRS-6 was estimated at 19.73
Mg ha-1 to 45 cm depth, and 25.32 Mg ha-1 to 90 cm depth (Castañeda-Moya et al. 2011). A
study at Rookery Bay that sampled root biomass with a 5-cm diameter core to 0.3 m depth
estimated root biomass as 72.54 and 102.27 Mg ha-1 in mixed-species and monospecific species
forests, respectively in the Cat’s Claw interior forest (Giraldo-Sanchez 2005). These values are
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less than estimates for total root mass in trenches (108.36 ± 3.35 Mg ha-1) and cores (106.34 ±
8.14 Mg ha-1) at the same Rookery Bay sites in this study.

2.4.2.2. Root Necromass
Mean root necromass was greater when collected in cores compared to trenches at each
site. Differences between means in core necromass and trench necromass were 6.09 Mg ha-1 at
Rookery Bay, 11.32 Mg ha-1 at Shark River, and 13.11 Mg ha-1 at Taylor Slough. These data
suggest that it may not be necessary to use the trench method to ensure that necromass is
appropriately sampled. Anecdotal field evidence, however, may suggest otherwise as there were
many examples of large root material observed that were later categorized as necromass
(determined by cutting into roots to see cross-sections and assess vitality, see Figure 2.5).
Necromass was not sorted into root size classes, although this has been done previously in
Micronesia (Gleason and Ewel 2002). The cores used were placed inside the trenches, and there
were no difficulties hammering these cores into the ground, apart from a single trench at Shark
River where an alternate trench corner had to be used to place the core. As placement of
sampling equipment in the field is often random (without knowing what lies below the surface),
it is possible that in other scenarios, large roots that prevent sampling with cores in certain
locations may also reduce sampling of large dead roots (Cormier 2003; Adame et al. 2017).
There is also a great deal of variation associated with belowground mass values.
Interestingly, this methods comparison further adds to the argument that we need to
always sample necromass in addition to living roots to explain distributions of belowground root
and carbon storage. When necromass to belowground biomass ratios in these cores are
compared, they are much greater than ratios from trenches. At Taylor Slough, this ratio is 0.64
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for cores, compared to 0.41 for trenches. Rookery Bay was 5.07 for trenches compared to 9.90
for cores, and Shark River was 1.72 for trenches compared to 9.23 for cores. Across all sites and
both methods, mean necromass to belowground biomass ratio was 4.50 ± 1.74. Necromass to
belowground biomass ratios in the literature are sparse for mangroves, but a fine root study in
Dongzhai Bay, China reported ratios between 0.6 and 5, within the range of those found in this
study (Xiong et al. 2017). In a synthesis of all available reported necromass data from carbonate
mangroves, mean (± SE) necromass to belowground biomass ratio was 50 ± 1.74, compared to
12.67 in carbonate mangroves where measured necromass data is available. Typically,
necromass to belowground biomass ratios are useful when studying fine roots as these ratios can
indicate processes related to fine roots such as nutrient and water uptake and absorptive capacity
(Wang et al. 2018). In a global review of terrestrial forests, belowground biomass to necromass
ratios differed across abiotic latitudinal regions (biomass to necromass ratios in this study ranged
from 0.10 in cores at Rookery Bay to 2.42 in trenches at Taylor Slough) (Wang et al. 2018).
Belowground biomass to necromass ratio was lowest in these terrestrial systems in boreal
regions with 2.40, followed by tropical regions with belowground 2.97, with an even greater
ratio of 4.39 in temperate regions (Wang et al. 2018). Across all sites and both methods in this
study, mean biomass to necromass ratio was 0.83 ± 0.39. Lower decomposition rates would
result in higher necromass accumulation rates. The global average in boreal forests, where
climatic conditions slow decomposition, would be most similar to wetland soil conditions, rather
than the tropical forests that are often compared with mangroves as their terrestrial counterparts
(Silver et al. 1999; Gill and Jackson 2000; Silver and Miya 2001). In carbonate mangroves, there
is on average approximately 13 times more necromass than biomass in mangrove soils to 0.5 m.
Necromass, normalized to 0.5 m depth, ranged from 26.80 Mg ha-1 in a Rhizophora mangle
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forest in Cuba to 390.50 Mg ha-1 in a Bruguiera gymnorrhiza forest in Micronesia (Gleason and
Ewel 2002; Fiala et al. 2017). A summary of all reported necromass data from a literature review
of mangroves in carbonate settings globally is provided in Table 2.9.
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Table 2.9. Summary of all reported necromass data in mangroves for carbonate settings globally.
Country

Site

United
States

Shark
River
(SRS-6)

Cuba

Micronesia

(Table
cont’d.)

Rookery
Bay
Taylor
Slough
(TS-7)
Shark
River
(SRS-6)
Rookery
Bay
Taylor
Slough
(TS-7)
MAF,
Majana
MRF,
Majana
Fringe,
Yela,
Kosrae
Riverine,
Sapwala,
Pohnpei
Riverine,
Yela,
Kosrae

Root
necromass
(Mg ha-1)
to
measured
depth

Root
biomass
(Mg ha-1)
to
measured
depth

Total root
mass
(Mg ha-1)
to
measured
depth

Root
necromass
(Mg ha-1)
normalized
to 0.5 m
depth

Root
biomass
(Mg ha-1)
normalized
to 0.5 m
depth

Total root
mass
(Mg ha-1)
normalized
to 0.5 m
depth

Necromass
to biomass
ratio

47.07

27.35

74.42

58.83

34.19

93.03

1.72

Trench,
0.40

This study

90.50

17.85

108.35

113.13

22.31

135.44

5.07

Trench,
0.40

This study

26.65

64.58

91.23

33.32

80.72

114.04

0.41

Trench,
0.40

This study

58.39

6.33

64.71

72.98

7.91

80.89

9.23

Core,
0.40

This study

96.59

9.76

106.34

120.73

12.20

132.93

9.90

Core,
0.40

This study

39.76

62.31

102.07

49.70

77.89

127.59

0.64

Core,
0.40

This study

8.04

5.54

13.58

26.80

18.47

45.27

1.45

8.51

7.58

16.09

28.37

25.27

53.64

1.12

63.62

9.52

73.14

70.69

10.58

81.27

6.68

Core,
0.45

128.04

4.48

132.52

142.27

4.98

147.24

28.58

Core,
0.45

152.66

14.25

166.91

169.62

15.83

185.46

10.71

Core,
0.45
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Sampling
method
and depth
(m)

Core,
0.15
Core,
0.15

Reference

(Fiala et al.
2017)
(Fiala et al.
2017)
(Cormier
2003; Cormier
et al. 2015)
(Cormier
2003; Cormier
et al. 2015)
(Cormier
2003; Cormier
et al. 2015)

Country

Micronesia

Site

Interior,
Sapwala,
Pohnpei
Interior,
Yela,
Kosrae
Fringe.
Sapwala,
Pohnpei
Utwe and
Okat
River,
Kosrae
Utwe and
Okat
River,
Kosrae
Utwe and
Okat
River,
Kosrae

Means (± SE)
across all reported
carbonate mangrove
measurements globally

Root
necromass
(Mg ha-1)
to
measured
depth

Root
biomass
(Mg ha-1)
to
measured
depth

Total root
mass
(Mg ha-1)
to
measured
depth

Root
necromass
(Mg ha-1)
normalized
to 0.5 m
depth

Root
biomass
(Mg ha-1)
normalized
to 0.5 m
depth

Total root
mass
(Mg ha-1)
normalized
to 0.5 m
depth

Necromass
to biomass
ratio

182.22

26.4

208.62

202.47

29.33

231.80

6.90

Core,
0.45

222.38

11.91

234.29

247.09

13.23

260.32

18.67

Core,
0.45

345.57

13.68

359.25

383.97

15.20

399.17

25.26

Core,
0.45

219.00

6.93

225.93

365.00

11.55

376.55

31.60

Core,
0.30

(Gleason and
Ewel 2002)

228.00

8.79

236.79

380.00

14.65

394.65

25.94

Core,
0.30

(Gleason and
Ewel 2002)

234.30

7.44

241.74

390.50

12.40

402.90

31.49

Core,
0.30

(Gleason and
Ewel 2002)

Root
necromass
(Mg ha-1)
to
measured
depth

Root
biomass
(Mg ha-1)
to
measured
depth

Total root
mass
(Mg ha-1)
to
measured
depth

Root
necromass
(Mg ha-1)
normalized
to 0.5 m
depth

Root
biomass
(Mg ha-1)
normalized
to 0.5 m
depth

Total root
mass
(Mg ha-1)
normalized
to 0.5 m
depth

Necromass
to biomass
ratio

126.55
(23.79)

17.92
(4.46)

144.47
(22.76)

167.97
(32.95)

23.92
(5.38)

191.89
(31.08)

12.67
(2.82)
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Sampling
method
and depth
(m)

Reference

(Cormier
2003; Cormier
et al. 2015)
(Cormier
2003; Cormier
et al. 2015)
(Cormier
2003; Cormier
et al. 2015)

2.4.3. Evaluation of NUMAN Model Performance
In the NUMAN model, root distribution with depth is modeled as an exponential decay
function Eq. 2 and modeled as a differential equation to incorporate all root mass in Eq. 3:
R(t) = R0 * exp(-e*D),

(Eq. 2)

R(t) = R0 * [exp(-e*Dupper) - exp(-e*Dlower)] / (-e)

(Eq. 3)

where R(t) = root mass at time t, R0 = root mass at the surface, e = root distribution parameter
per cm, and D = depth in cm. The model assumes roots are present until 150 cm depth, however
the authors emphasized confidence in simulations only to 60 cm depth as they did not account
for compaction. Information about roots is entered into the model via the parameter R0, root
biomass at the surface (g cm-2). Previously, R0 was determined using a root-to-shoot ratio of 0.74
from mangrove forests in Panama and Puerto Rico, with aboveground biomass values calculated
using allometric equations (Golley et al. 1962; Golley et al. 1975; Chen 1996; Chen and Twilley
1999a).
To generate R0 values based on field data, RI values of measured root mass to 40 cm
depth (g cm-2) from trenches at each site were used. Using Eq. 3 with total RI with depth ranges
of 0 cm to 40 cm instead of R(t), Eq. 4 is as follows:
RI = R0 * [exp(-e*Dupper) - exp(-e*Dlower)] / (-e)

(Eq. 4)

RI = R0 * [exp(-e*40) - exp(-e*0)] / (-e)
RI = R0 * [exp(-e*40) - 1] / (-e)
Following guidance from Morris and Bowden (1986), e was manually adjusted to solve for R0:
R0 = RI * (-e) / [exp(-e*D) - 1]

(Eq. 5)

From here, R0 was calculated to reflect RI field values for total root mass, including both living
roots and necromass. To assess the best option for e through this adjustment process, a range of
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values were tested in a sensitivity analysis. These included e values from 0.0001 to 0.05 cm-1 and
their corresponding R0 values (Figure 2.18 for SR; Figure 2.19 for RB; Figure 2.20 for TS). Sitespecific R0 values with a common e value of 0.01 cm-1 were chosen and used as the baseline for
all other model parameter adjustment (Table 2.10).
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Table 2.10. NUMAN model input parameters adjusted based on sensitivity analysis and field
data for root mass. Parameters described for sites Shark River (SR), Rookery Bay (RB), and
Taylor Slough (TS), compared with site S3 (in Shark River Estuary) from the original NUMAN
model.
Parameter

S3

Total root mass
at the surface;
R0 (g cm-2)

0.074

Total root mass
distribution
parameter;
e (cm-1)

Annual mineral
loading;
Si (g cm-2 yr-1)

Original Methods
& Sources

New Methods &
Sources

SR

RB

TS

Allometric estimate
with root-to-shoot
ratio, assuming
roots to 150 cm
depth

0.0226

0.0277

0.0329

Site-specific field RI
to calculate R0 and e,
using a paired
sensitivity analysis to
find e values that
worked across all
sites

0.04

Komiyama et al.
1987

0.01

0.01

0.01

Site-specific field RI
to calculate R0 and e,
using a paired
sensitivity analysis to
find e values that
worked across all
sites

0.107

Estimated

0.095

0.040

0.060

Estimated with model
tuning
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2.4.3.1. Vertical Distribution of Roots
Mangrove roots in the top 40 cm of soil do not differ with depth. Root biomass and root
necromass, as well as combined total root mass vary slightly but there are no statistical
differences across depth layers. This information is critical to understand how the NUMAN
model treats root attenuation with depth. The central equation that the NUMAN model relies on
is an exponential function of root decay. This equation was developed as part of the CENTURY
and SEMIDEC models in herbaceous systems, where large woody roots are non-existent and
therefore irrelevant. But large tree roots present in mangrove forests do not follow the same
patterns of distribution with depth. Roots in their respective size classes did not decrease with
depth, and in fact both large roots and small/fine roots have greater masses in the lower 20-40 cm
soil layer. Observations of large roots in the field support these data as many larger roots were
wide and flat lateral roots seen deeper in the soil column. Also, there are roots that may extend
deeper than 40 cm depth, for example root cores were previously collected at these sites to 90 cm
depth (Castañeda-Moya et al. 2011). Other studies have sampled deeper roots or assumed that
the active root zone can be up to either 1.5 or 2 m deep, although the consensus is that most roots
are found in the top meter of soil (Boto and Wellington 1984; Komiyama et al. 1989; McKee
2001; Cormier et al. 2015; Adame et al. 2017). Overall, there were no differences in root mass
between depth layers. These field data suggest that a linear model would be the best approach.
Although no original model code was modified in this study, this was accounted for by lowering
the root attenuation rate, which decreased the slope of the exponential to represent linear vertical
distribution of both biomass and necromass observed in the field with trenches more accurately.
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Figure 2.18. Sensitivity analysis for R0 (root mass at the surface; g cm-2) and e (root distribution
parameter; cm-1) at SR for depth profiles of bulk density (g cm-3) and AFDW (%), compared
with field means collected in soil cores.
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Figure 2.19. Sensitivity analysis for R0 (root mass at the surface; g cm-2) and e (root distribution
parameter; cm-1) at RB for depth profiles of bulk density (g cm-3) and AFDW (%), compared
with field means collected in soil cores.
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Figure 2.20. Sensitivity analysis for R0 (root mass at the surface; g cm-2) and e (root distribution
parameter; cm-1) at TS for depth profiles of bulk density (g cm-3) and AFDW (%), compared
with field means collected in soil cores.
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2.4.4. Belowground Root Mass
Biomass size class varied depending on site conditions, and inputs from large roots were
most influential at Shark River and Rookery Bay. When necromass was included in total root
mass estimates, mass values increased at all sites. Although Taylor Slough had more
belowground live roots than dead roots, the dead root component still comprised 26.65 Mg ha-1
of this material, and at Rookery Bay and Shark River, there was 5.07 and 1.72 times more
necromass than biomass. This large presence of material suggests that necromass is a critically
important component of belowground root and carbon storage (Alongi 2012; Inoue 2019; Rovai
and Twilley 2021). Necromass is often overlooked as unnecessary or too difficult to sample
because of the tedious nature of root sorting procedures. Belowground biomass literature in
mangroves is sparse compared to other ecosystems and other aspects of mangrove ecology, with
just under 50 studies globally, 24% of which are in the Neotropics (Rovai and Twilley 2021).
Within the available literature pool there are just eight studies, with the first published in 2000,
that have reported necromass field measurements in mangroves (Alongi et al. 2000; Gleason and
Ewel 2002; Cormier 2003; Tamooh et al. 2008; Chalermchatwilai et al. 2011; Cormier et al.
2015; Robertson and Alongi 2016a; Fiala et al. 2017; Xiong et al. 2017). Approximately 80% of
studies that have physically excavated root material from mangroves worldwide have neglected
to report necromass values. In many studies, it can be confusing to interpret whether dead roots
were included in carbon storage analysis and this uncertainty is also the case in terrestrial
forested ecosystems (Brown 2002; Adame et al. 2017; Rovai and Twilley 2021). Other studies
reportedly include necromass in their published belowground biomass values (Briggs 1977;
Komiyama et al. 1987; Mackey 1993; Saintilan 1997; Sherman et al. 2003; Kairo et al. 2008;
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Khan et al. 2009; Tran 2014; Adame et al. 2017; Tran et al. 2017). Dead roots are also often not
included in root turnover rates (Persson 1983).
Carbon storage differs between living and dead root material. As seen from greater lignin
values, necromass has a much greater fraction of refractory material compared to total root
biomass. Total carbon storage is also significantly greater in necromass root tissue compared to
biomass. This carbon is more concentrated in dead tissue because it is in a later stage of root
decay, takes longer to breakdown, and is less accessible for microbial decomposition. The
remaining material has more structural carbon, which is stored for a longer time. This pool of
detrital necromass accumulates on a large scale and likely provides foundation for belowground
plant tissue storage that allows mangrove ecosystems to be effective long-term carbon sinks
(Inoue 2019). A study in terrestrial pine forests, where decomposition is faster than in anaerobic
waterlogged conditions of mangroves, describes root necromass as a pool of short- to mediumterm storage (Anderson et al. 2018).

2.4.5. Carbon Storage
Carbon storage and sequestration are promoted when mangroves respond to harsh
conditions of anerobic wetland soils by optimizing their biomass allocation. Belowground root
growth allows these intertidal plants to balance stored carbon with nutrient storage and uptake,
increase soil volume, elevation, and accretion (Mckee et al. 2007; Castañeda-Moya et al. 2011).
Allocating resources and energy to root growth supports the plants’ ability to respond to stressful
wetland soil conditions, specifically flood duration, phosphorus deficiency, and toxic hydrogen
sulfides (Castañeda-Moya et al. 2011; Castañeda-Moya et al. 2013). Fine roots in particular are
driven by environmental conditions and physicochemical soil properties in both mangroves and
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other terrestrial forests (Cairns et al. 1997; Castañeda-Moya et al. 2013). Mangroves have high
net ecosystem productivity and slow decomposition rates, which leads to high carbon densities in
both plant tissues and soils. This belowground carbon can either be autochthonous or
allochthonous, building up as roots decompose in situ, or brought in ex situ through fluvial and
tidal flows.

2.4.6. Biomass Allocation and Nutrient Fertility
It is well-established in the literature about South Florida’s mangrove forests that
environmental stress controlled by nutrient fertility and hydroperiod gradients drive production
of roots and organic matter accumulation (Krauss et al. 2008; Castañeda-Moya et al. 2011;
Castañeda-Moya et al. 2013). TS-7 is a phosphorus-limited environment, with inundation 98.5%
of the year (8,653 hours yr-1 flooded) (Castañeda-Moya et al. 2011; Castañeda-Moya et al. 2013).
Hydroperiod in the basin forest at Rookery Bay is intermittent, with a flooding duration of 4,040
h yr-1, or 46.0% time flooded, and an inundation of 93 tides yr-1 (Krauss et al. 2006). SRS-6 is
the mangrove site in the FCE LTER established research site network with the most nutrient-rich
soils, and is a tide-dominated estuary with inundation 64% of the year (5,592 hours yr-1 flooded)
(Castañeda-Moya et al. 2011; Castañeda-Moya et al. 2013). Total P was 1.74 µg cm-3 at SRS-6
and 0.61 µg cm-3 at TS-7 (Castañeda-Moya et al. 2011). Additionally, sulfides in the soil regulate
biomass allocation, and concentrations are the most stressful at the TS scrub forest, followed by
the interior RB site, and the riverine forest at SR (McKee 1993; Castañeda 2010). Distribution of
biomass size classes observed reflect these gradients of nutrient fertility based on N:P ratios,
sulfides, and hydroperiod. Soil conditions and environmental stress gradients are key drivers of
the resulting vegetated ecotype found at each site in this study, specifically riverine, interior, and
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scrub forests (Twilley and Rivera-Monroy 2005; Krauss et al. 2006; Mancera-Pineda et al. 2009;
Castañeda 2010).
The nutrient-limited conditions observed at Taylor Slough result in higher investment of
fine roots designed to take up those nutrients. Nutrient enrichment, either through experimental
studies or studies of increased storm sediment loads, can stimulate belowground root growth
(Hayes et al. 2017; Castañeda-Moya et al. 2020). Greater rates of organic matter accumulation
are observed when nutrients are abundant, as increased root growth combined with slow
decomposition results in a net accumulation of organic matter from root inputs (Hayes et al.
2017). Shark River and Rookery Bay, with more nutrients than the limited Taylor Slough forest,
would likely have higher rates of OM accumulation. However, Lovelock (2008) emphasized that
mangroves allocate large amounts of carbon to belowground compartments especially when
environmental conditions are stressful. In particular, scrub forests that are typically nutrientlimited like the forests in Taylor Slough store much more carbon belowground per unit litterfall
compared to mangroves that have more aboveground allocation (Lovelock 2008). This
belowground biomass allocation and resulting stored carbon explains why forests with differing
aboveground biomass can have similar soil organic carbon stocks. Although SOC was higher at
Rookery Bay compared with Taylor Slough, these differences were not statistically significant.
The lower SOC at Shark River compared to the other two sites is likely a result of lower overall
belowground biomass to strengthen carbon reserves. At Taylor Slough there is high investment
in fine roots to account for the high N:P ratios in both the soil and roots (soil and root N:P ratios
were over 3 times greater at TS-7 compared to SRS-6) (Castañeda-Moya et al. 2011).
Additionally, carbon storage magnitudes in mangroves are controlled by morphology and
hydrogeomorphic zones known as coastal environmental settings (Rovai et al. 2018; Twilley et
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al. 2018). These include large river delta, small delta, tidal system, lagoon, carbonate, and arheic
settings (Dürr et al. 2011; Rovai et al. 2018; Twilley et al. 2018). On a global scale, carbonate
settings have greater densities of carbon in mangrove soils compared to estuarine settings (Rovai
et al. 2018). Mangroves can be further classified by ecological growth type and are controlled by
local hydrology and typography (Lugo and Snedaker 1974; Twilley et al. 1996). These
ecological types are characterized by forest structure and physiognomy and include interior or
basin, fringe, riverine, overwash, and scrub or dwarf forests (Lugo and Snedaker 1974; Twilley
et al. 1996). Mangroves growing in these different forest types have different needs, for example,
riverine mangroves growing in Shark River may place more emphasis on using large root
biomass to build soil elevation, whereas Taylor Slough’s scrub mangroves have a greater need
for nutrient uptake with fine roots as scrub trees are sensitive to nutrient availability (Feller et al.
2015). Investigating carbon storage capacity and sequestration rates in mangroves is critical to
understanding how these systems will react with long-term effects of global climate change.

2.4.7. Labile and Refractory Organic Matter
Compared to a decomposition study at the same sites, mean decay rates for fine roots
were greater than for coarse and large roots. Mean fine root decay rate was 0.840 yr-1 at Shark
River (Poret et al. 2007), compared with a mean coarse and large root decay rate of 0.359 yr-1 in
this study. Mean fine root decay rate was 0.657 yr-1 at Taylor Slough (Poret et al. 2007),
compared with a mean coarse and large root decay rate of 0.357 yr-1. However, due to error
involved in measuring mass differences for several samples of large roots, it is unclear why some
final root masses are greater than initial root masses as described in results. This material should
decrease throughout the incubation period because of decomposition occurring belowground.
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This error is likely not due to improperly rinsing sediment from root material, as organic matter
content was not lower in the final root samples. It is possible this was a mechanical error caused
by incorrect readings from the balances used, that were not detected at the time of measurement.
Due to this uncertainty, it is important to consider that also decay rates from the remaining
samples are within a reasonable range, they may have also been impacted by this unknown error.
Future work in this area could improve this study by using a narrower range of sample mass, a
larger number of replicates, and a longer incubation period.
This is the first study in mangroves that has separated size classes of roots to estimate
decomposition rates. Typically an equal mixture of size classes is used (Poret et al. 2007).
However, large root material may have a more similar structure to aboveground mangrove wood,
which has been observed in a study investigating decomposition of stakes by fungi and wood
borers in Belize, and a study that buried disks of wood belowground to examine the labile and
refractory components of wood decomposition over time in South Florida (Kohlmeyer et al.
1995; Romero et al. 2005). In South Florida, rates for the labile component ranged from 0.37 to
23.71 month-1, compared to 0.001 to 0.033 month-1 for the refractory component (Romero et al.
2005). The authors did not observe differences in wood decay rates between mangrove species
(Romero et al. 2005). Most studies on decomposition of roots in terrestrial ecosystems focus only
on fine and coarse roots, and the definitions of these size classes vary amongst different studies
(Zhang and Wang 2015). Structural tree roots have very low turnover, often only coinciding with
tree mortality (Vogt et al. 1991). These roots are important contributors to pools of organic
matter in the soil over longer time periods. Further investigation into long-term large mangrove
root decomposition rates could better inform decay of the labile and refractory components of
these important carbon sinks within a soil profile.
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Root necromass in mangrove soils contribute to the refractory organic matter pool.
Compared to root biomass, necromass had greater lignin content, lignin:N ratios, and atomic C:N
ratios. Carbon is much more concentrated in dead root material compared to living root mass.
Structures with greater amounts of lignin, such as larger roots and necromass take longer to
decay. In the NUMAN model, pools of LOM and ROM in the soil cohort at the surface were
initialized with production values for net accumulation and deposition of leaf litter, twig litter,
and dead aboveground wood (NLP, NTP, and NWP, respectively; g cm-2 yr-1). Chen and Twilley
(1999a) established that dynamics of belowground roots play a much larger role in the
distribution of organic matter than litter from the surface. Specifically, root production was more
influential than litter export through tides (Chen and Twilley 1999a). In areas with greater tidal
regimes leaf litter has high export rates and therefore is unlikely to be retained long enough to
impact burial and SOM accumulation (Adame and Lovelock 2011; Hayes et al 2017). Root
material that has more lignin compared to leaf litter has slower decomposition. Therefore,
parameters related to aboveground surface processes were not modified. These parameters
include c0 (lignin content in leaf litter; g g-1), c1 (ash concentration in litter; g g-1), f1 (ratio of leaf
litter to total litter; g g-1), ka (decay constant for LOM on the surface; yr-1), kt (decay constant for
twig litter; yr-1), kw (decay constant for dead aboveground wood; yr-1), ke (litter export rate; yr-1),
and LP (litter production; g cm-2 yr-1). Site specific values for aboveground biomass (B; g cm-2)
were used because they were available at each site, although organic matter distribution was not
ostensibly sensitive to this value as it was only used to calculate NWP.
Fc1 and fc2 in the model represent the refractory fraction of large and fine roots (g g-1),
respectively. These values are used to determine mass of LOM and ROM in each soil cohort.
When the original model was developed, measured field values were not available so these
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parameters were estimated based on information from decomposition experiments. The
refractory fraction of large roots was less than the value used for fine roots. Chen and Twilley
(1999a) adjusted fc1 and fc2 based on organic matter and bulk density depth profiles and
performed a sensitivity analysis on both parameters simultaneously to assign reasonable values.
The same approach was used with a range of paired values for fc1 and fc2 for organic matter and
bulk density depth profiles at each site. The values used ranged from 0.1 to 0.75 g g-1.
Ultimately, measured mean values of lignin content (%) for large and fine roots collected in
trenches at each site were used for fc1 and fc2 as these direct measurements were the most
reasonable way to represent fc1 and fc2. These values were also similar across all sites to values
used at S3 in the original NUMAN model.
Site-specific values for annual deposition of mineral sediment (Si; g cm-2 yr-1) were
needed at each site for model simulations, as inorganic mineral loading can vary greatly across
sites with differing ecological settings. In the original NUMAN model, Chen and Twilley
(1999a) used 0.107 g cm-2 yr-1 for Si at S3, a site adjacent to SR. This value was similar to a 10year marker horizon field estimate of inorganic matter accumulation later measured at the same
site 0.1028 ± 0.0568 g cm-2 yr-1 (Breithaupt et al. 2014). This mineral loading rate was an order
of magnitude smaller at Rookery Bay, 0.0133 g cm-2 yr-1, where the interior forest receives much
less inorganic input compared to the allochthonous tidal inflows at Shark River (Lynch 1989).
Taylor Slough also has low inorganic inputs into the system, especially given the physical barrier
of the Buttonwood Ridge, but there are no published estimates of measured sedimentation rates
at the site. Si values used in the sensitivity analyses ranged from 0.001 to 0.159 g cm-2 yr-1,
which is the upper limit of the error associated with the measured value at SR. Depth profiles of
both inorganic matter density (gIM cm-3) and bulk density (gdm cm-3) from model outputs were
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compared with mean values from measured soil cores to select the most reasonable value for Si
(Appendix A).
Some parameters represent decomposition of organic matter as CO2 to the atmosphere (f2
is proportion of microbial respiration during decomposition; g g-1), or transferred between OM
pools (f3 is proportion of LOM flowing into ROM after decomposition; g g-1). Both f2 and f3
were established in the CENTURY model and the same values were used in NUMAN, and these
were not adjusted in my study (Parton et al. 1987; Chen and Twilley 1999a). Additional decay
constants in the model are kb (decay constant for LOM below the surface; yr-1) and kc (decay
constant for ROM; yr-1). The value initially used in NUMAN for kc was based on the CENTURY
model and this was not changed (Parton et al. 1987; Chen and Twilley 1999a). Values were
reported as the decay coefficient (kd) day-1 and were converted to (kb) yr-1 to align with the oneyear timestep of each soil cohort in the NUMAN model. Kb in the original model was determined
from results of a decomposition experiment with fine roots in Australian mangroves (Van Der
Valk and Attiwill 1984). More recent site-specific field results now exist for SRS-6 and TS-7,
0.840 yr-1 and 0.657 yr-1, respectively, from a fine root decomposition study in the Florida
Coastal Everglades (Poret et al. 2007). For Rookery Bay, the mean decay coefficient in the
interior forest for small/fine roots (0.329 yr-1) was determined in the decomposition experiment
conducted. However, a sensitivity analysis determined that kb was not sensitive to the model and
therefore these values were not changed in site-specific model evaluation.
Turnover rate of fine roots (kr; yr-1) used in the original model was developed with a
model tuning approach. This value was initially based on turnover rate of litter production to
aboveground biomass and was adjusted until 0.10 yr-1 was selected. Mangrove root turnover is
typically calculated by dividing root productivity by root biomass (Cormier et al. 2015). When
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the original model was published field values were not available, but since then fine root
turnover at SRS-6 was measured at 0.6 yr-1, and 0.07 yr-1 at TS-7 (Castañeda-Moya et al. 2011).
In the FCE, these greater root turnover rates were observed where mangroves had lower N:P
ratios and more available phosphorus (i.e., at Shark River compared to Taylor Slough). Fine root
turnover rates calculated in mangroves in fringe, riverine, and interior carbonate mangroves in
Micronesia ranged from 0.039 to 0.193 yr-1 (Cormier et al. 2015). However, rates for fine roots
in other mangroves range from 0.23 to 5.96 yr-1 from two studies in China, and from 0.33 to 0.81
yr-1 in Malaysia (Xiong et al. 2017; Muhammad-Nor et al. 2019; Zhang et al. 2021). Although
literature values suggest that it is possible fine root turnover rates could be higher depending on
environmental conditions, the value 0.10 yr-1 used in the NUMAN model worked best in the
sensitivity analyses. Turnover rate of large roots (km; yr-1) used the rate of aboveground wood
production because the actual value for belowground woody roots was not available, and still
does not exist in the literature for mangroves. To assess the efficacy of this value for large root
turnover in the NUMAN model, I ran a sensitivity analysis of km at each site with a range of
values, but the value used in the original NUMAN model worked best in the sensitivity analyses.
Bulk density of organic matter (bo; g cm-3) was updated with mean values from each site (see
Table 2.11). Evaluation of improvements to the model with updates made in this thesis can be
observed with direct comparisons between S3 and SR (Table 2.11).
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Table 2.11. NUMAN model input parameters based on field data, for root mass, lignin fraction
of fine and large roots, and bulk density. Parameters described for sites Shark River (SR),
Rookery Bay (RB), and Taylor Slough (TS), compared with site S3 (in Shark River Estuary)
from the original NUMAN model.
New Methods &
Sources

Parameter

S3

Original Methods

SR

RB

TS

Total root
biomass;
RI (g cm-2)

1.85

Allometric estimate
with root-to-shoot
ratio, assuming roots
to 150 cm depth

0.2736

0.1785

0.6458

Trench biomass,
assuming roots to
40 cm depth

Total necromass;
NI (g cm-2)

N/A

Not included in
estimate of root mass

0.4707

0.9050

0.2665

Trench necromass,
assuming roots to
40 cm depth

Total root mass;
RI + NI (g cm-2)

1.85

Allometric estimate
with root-to-shoot
ratio, assuming roots
to 150 cm depth

0.7442

1.0836

0.9123

Trench total root
mass, assuming
roots to 40 cm
depth

Total
aboveground
biomass;
b (g cm-2)

2.5

Allometric estimate

1.622

0.725

0.125

Allometric
estimate;
Castañeda et al.
2011 (SRS-6),
Coronado-Molina
et al. 2004 &
Castañeda et al.
2011 (TS-7), and
Warner 1990 (RB)

Lignin fraction of
fine roots;
fc1 (g g-1)

0.25

Estimated

0.371

0.274

0.484

Measured % lignin,
fine roots
(< 5 mm) (values
are site means)

Lignin fraction of
large roots;
fc2 (g g-1)

0.2

Estimated

0.196

0.294

0.284

Measured % lignin,
large roots
(< 20 mm) (values
are site means)

Bulk density of
OM;
bo (g cm-3)

0.1154

Measured in sediment
cores

0.1129

0.1048

0.1090

Measured in
sediment cores
(values are site
means)
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2.4.8. Soil Accretion
Performance of the NUMAN model was evaluated at mangrove sites in Rookery Bay,
Shark River, and Taylor Slough in the Florida Coastal Everglades using a trench method to
include large roots and necromass across diverse mangrove geomorphologies. With model
outputs that successfully resemble field estimates, the NUMAN model can be used to make
predictions at mangrove sites across South Florida. Success of the model was dramatically
improved using field data for total root mass that was not available at the time of model
development (Table 2.12, Table 2.13, and Table 2.14). Root-to-shoot ratios are not adequate to
estimate root biomass at the surface for use in modeling organic matter distribution with depth.
However, if both necromass and large root estimates are included in model parameterization, the
NUMAN model can provide estimates of AFDW, BD, RI, accretion rates, and carbon
sequestration rates that likely reflect field conditions (Figure 2.21, Figure 2.22, and Figure 2.23).
The updates to the NUMAN model made in this thesis suggest that NUMAN can be adapted to
sites with different ecological forest types and geomorphological regimes.
Field measurements of accretion rates (mm yr-1) can be measured on short-term and longterm scales. Radionuclides including 210Pb and 137Cs are used as the best method to assess longterm accretion rates by coring and dating material along a depth profile (Lynch et al. 1989). Rod
surface elevation tables and feldspar marker horizons can be used to estimate short-term
accretion rates (Cahoon and Lynch 1997). Due to variation in available methodology and
temporal scales available for estimations, there is typically a great deal of error associated with
methods necessary for measuring accretion rates with 210Pb and 137Cs dating. Rates at Rookery
Bay ranged from 1.4 to 2.9 mm yr-1 (Lynch et al. 1989; Lynch 1989). Mean accretion rates were
1.6 mm yr-1 with 210Pb dating over 50 years and 1.8 mm yr-1 with 137Cs dating over 26 years,
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after corrections were made for compaction and sediment consolidation (Lynch et al. 1989;
Lynch 1989). Mean short-term accretion was 6.0 mm yr-1 in interior mangroves at Cat’s Claw
(Cahoon and Lynch 1997). Long-term values that are more closely aligned with the timescale of
NUMAN model simulations are less than the rate calculated with the NUMAN model’s
predicted soil column. It is likely, though, that these differences can be explained by the variation
in measuring accretion rates in the field. Values estimated with the model at Rookery Bay are
within the range of field accretion rates when short-term rates are included in this comparison. At
Shark River, mean accretion rates were 2.7 to 2.8 mm yr-1 measured with 210Pb over 100 years,
3.6 mm yr-1 measured with 210Pb over 50 years, and 4.8 mm yr-1 measured over 10 years (Smoak
et al. 2013; Breithaupt et al. 2014; Breithaupt et al. 2017). A study that modeled organic
accretion combined with mineral accretion estimated 2.4 mm yr-1 at SRS-6 (Chambers et al.
2021). Including the variability expressed with standard error, the range at Shark River is from
2.3 to 5.8 mm yr-1. The NUMAN model estimates at Shark River are therefore clearly within the
expected range of accretion rates at this site in the top 50 cm of soil. Accretion rates offer
important information about the ecosystem services mangrove wetlands provide to build up
accommodation space in the race against sea-level rise and coastal land loss.
Although accretion rates from measured data are not available at Taylor Slough, rough
estimates can be made using age of the mangrove forest and depth of peat that has accumulated
since these mangroves first recruited. According to historical analysis, R. mangle trees migrated
into the Taylor Slough area with young scrub trees documented as early as 1944, although
construction of roads in 1905 and 1925 could have begun to provide an environment suitable for
mangrove recruitment (Egler 1952; Ross et al. 2000). Peat depth at Taylor Slough is at least 1 m
thick, but can be up to 4 m (Wallace and Dickinson 1978; Ewe et al. 2006). Hypothetically, the
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range of mangrove accretion at Taylor Slough could therefore be from 8.6 mm yr-1 (if 1 m has
accreted from 1905 to 2021) to 51.9 mm yr-1 (if 4 m have accreted from 1944 to 2021) although
these estimates appear higher than expected. It is most likely there is 1 m of peat, in which case
the higher limit could be 12.9 mm yr-1 (if 1 m has accreted from 1944 to 2021). It is important to
note there are many factors that can influence accretion rates, including both the organic and
inorganic contributions, as well as deposition or scouring events caused by environmental
stressors. The accretion rate estimated by the NUMAN model for Taylor Slough is less than this
hypothetical range but is within the typical range of values observed in mangrove forests.

85

Figure 2.21. Final model run at Shark River (SR) for depth profiles of AFDW (%) and bulk
density (g cm-3), compared with field means collected in soil cores.
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Figure 2.22. Final model run at Rookery Bay (RB) for depth profiles of AFDW (%) and bulk
density (g cm-3), compared with field means collected in soil cores.
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Figure 2.23. Final model run at Taylor Slough (TS) for depth profiles of AFDW (%) and bulk
density (g cm-3), compared with field means collected in soil cores.
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2.4.9. Carbon Potential
Carbon sequestration rates estimated using NUMAN model simulations provide
predictions that are within the range observed from field estimates (Table 2.12, Table 2.13, and
Table 2.14). At Rookery Bay, mean carbon accumulation rate was 86 gC m-2 yr-1, with a range
from 69 to 99 gC m-2 yr-1 (Lynch 1989). Carbon accretion rate for carbonate mangroves on a
global scale was 114.9 gC m-2 yr-1 on average, compared with tide-dominated forests with 350.6
gC m-2 yr-1, river-dominated forests with 269.5 gC m-2 yr-1, and arheic mangrove forests with
18.6 gC m-2 yr-1 (Rovai and Twilley 2021). Breithaupt et al. (2014) emphasizes that
accumulation rates should only be compared among sites if the methods used to obtain field
estimates are on the same timescale. This variation at Shark River ranges from 123 gC m-2 yr-1,
176 gC m-2 yr-1, and 225 gC m-2 yr-1 measured using 10-yr, 50-yr, and 100-yr timescales,
respectively (Breithaupt et al. 2014). Including the variability expressed with ± 1 standard error,
the range at Shark River therefore is from 104 to 286 gC m-2 yr-1. Field data in published
literature are not available for Taylor Slough. Total biomass carbon stocks combine carbon
stored in aboveground biomass with carbon stored in belowground root mass (Figure 2.24).
Aboveground biomass values from Warner 1990, Coronado-Molina et al. 2004, and CastañedaMoya et al. 2013; carbon in aboveground biomass estimated with 0.475 conversion factor
(Hamilton and Friess 2018). Total biomass carbon stock is greatest at Shark River, followed by
Rookery Bay, and Taylor Slough. At Shark River, total biomass carbon is 110 MgC ha-1,
compared to 89 MgC ha-1 when necromass is not included. Total biomass carbon at Rookery Bay
is 85 MgC ha-1, compared to 41 MgC ha-1 without necromass. At Taylor Slough, total biomass
carbon is 39 MgC ha-1 compared to 28 MgC ha-1 without necromass. The carbon stored in
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necromass at SR accounts for 19% of total carbon stored in biomass, compared to 52% at RB,
and 28% at TS.
Total ecosystem carbon (TEC) stocks describe the carbon stored in aboveground
biomass, combined with carbon stored in belowground root mass, and soil organic carbon in
MgC ha-1 (Figure 2.25). Mean (± SE) TEC stock across all sites is 420 ± 22 MgC ha-1, and
without necromass the mean is 394 ± 15 MgC ha-1. Although roots were not removed from soil
cores, double counting in soil organic carbon stocks was considered negligible. The TEC stock in
this study is consistent with the global mean TEC stock in carbonate settings is 451 MgC ha-1, on
the higher end of global estimates in mangroves (Rovai et al. 2021). Although SOC stocks are
the major contributors to carbon mass in the ecosystem, it is important to recognize that dead
roots are necessary to estimate for use in the NUMAN model to calculate realistic soil accretion
rates. Without necromass, accretion rates are underestimated (Table 2.12, Table 2.13, and Table
2.14).
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Figure 2.24. Total biomass carbon stocks (carbon stored in aboveground biomass plus carbon
stored in belowground biomass) for each site by size class (small/fine, coarse, large), Shark
River, Rookery Bay, and Taylor Slough in MgC ha-1. Illustrates biomass carbon stocks with and
without necromass included. Aboveground biomass values from Warner 1990, Coronado-Molina
et al. 2004, and Castañeda-Moya et al. 2013; carbon in aboveground biomass estimated with
0.475 conversion factor (Hamilton and Friess 2018).
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Figure 2.25. Total ecosystem carbon stocks (TEC) (carbon stored in aboveground biomass,
carbon stored in belowground biomass, and soil organic carbon combined) for each site, Shark
River, Rookery Bay, and Taylor Slough in MgC ha-1. Illustrates TEC with and without
necromass included. Aboveground biomass values from Warner 1990, Coronado-Molina et al.
2004, and Castañeda-Moya et al. 2013; carbon in aboveground biomass estimated with 0.475
conversion factor (Hamilton and Friess 2018).
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Table 2.12. NUMAN model outputs using both total root mass and root biomass only, compared
with field data from trenches at Shark River (SR), and original model estimates from S3. Root
mass (g m-2) is expressed to 40 cm depth. Bulk density (BD; g cm-3), ash-free dry weight
(AFDW; %) in the model are means ± SE to 1 m depth, and field values are from cores sampled
from 0.7 m to 0.86 m. Simulated accretion and carbon sequestration rates represent the top 50 cm
of soil.

Variable

SR Field
Estimates from
trenches

SR Model
S3 Model
Estimates with
Estimates from
total root mass,
Chen and
R0 value of
Twilley (1999a)
0.0226

SR Model
Estimates
with root
biomass only,
R0 value of
0.0083

Root mass
(g m-2)

7,442

14,906

7,581

2,780

BD (g cm-3)

0.3311

0.2578

0.3419

0.5576

AFDW (%)

34

40.39

32.48

18.93

Accretion rate
(mm yr-1)

Range: 2.7 to 4.8*
Mean 210Pb over
100 yrs: 2.7**

6.364

3.027

1.599

Carbon
sequestration
rate (gC m-2 yr-1)

Range: 123 to
225**
216
162
Mean 210Pb over
100 yrs: 225**
*Smoak et al. 2013; Breithaupt et al. 2014; Breithaupt et al. 2017
**Breithaupt et al. 2014
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Table 2.13. NUMAN model outputs using both total root mass and root biomass only, compared
with field data from trenches at Rookery Bay (RB). Root mass (g m-2) is expressed to 40 cm
depth. Bulk density (BD; g cm-3), ash-free dry weight (AFDW; %) in the model are means ± SE
to 1 m depth, and field values are from cores sampled from 0.7 m to 0.86 m. Simulated accretion
and carbon sequestration rates represent the top 50 cm of soil.

Variable

RB Field
Estimates from
trenches

RB Model Estimates
with total root mass,
R0 value of 0.0329

RB Model Estimates
with root biomass only,
R0 value of 0.0054

Root mass
(g m-2)

10,836

10,970

1,829

BD (g cm-3)

0.2125

0.2210

0.4848

AFDW (%)

49

49.20

21.48

Accretion rate
(mm yr-1)

Range: 1.4 to
2.9*
Mean 210Pb over
50 yrs: 1.6*

3.893

1.193

214

131

Carbon
Range: 69 to 99*
sequestration
Mean: 86*
rate (gC m-2 yr-1)
*Lynch et al. 1989; Lynch 1989
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Table 2.14. NUMAN model outputs using both total root mass and root biomass only, compared
with field data from trenches at Taylor Slough (TS). Root mass (g m-2) is expressed to 40 cm
depth. Bulk density (BD; g cm-3), ash-free dry weight (AFDW; %) in the model are means ± SE
to 1 m depth, and field values are from cores sampled from 0.7 m to 0.86 m. Simulated accretion
and carbon sequestration rates represent the top 50 cm of soil.

Variable

TS Field Estimates
from trenches

TS Model Estimates
with total root mass,
R0 value of 0.0277

TS Model Estimates
with root biomass
only,
R0 value of 0.0196

Root mass (g m-2)

9,123

9,282

6,582

BD (g cm-3)

0.1699

0.1805

0.2008

AFDW (%)

64

59.77

53.85

Accretion rate
(mm yr-1)

No available data

4.005

2.923

231

189

Carbon
Global mean in
sequestration rate
carbonate setting:
-2
-1
(gC m yr )
114.9*
*Rovai and Twilley 2021
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2.4.10. Using NUMAN as a Tool
Model evaluation exercised in this thesis has provided a novel method to predict
belowground root mass, accretion rates, and carbon sequestration rates within the range of field
studies in mangrove forests. To date there are no other models that can generate site-specific
estimates of these variables as part of mangrove soil development. This model has potential to be
used as a tool by scientists and/or natural resource and landscape managers to understand how
carbon is stored in mangroves of varying typologies. The ability to predict carbon stored in
biomass and necromass, as well as soil accretion and carbon sequestration could be especially
useful in terms of evaluating carbon budgets and priorities for restoration or conservation. There
is also potential to apply this unit model to a landscape scale, and it could be used to map
belowground biomass and necromass. To increase confidence in our ability to map belowground
root mass at a global scale, however, we likely need better estimates of belowground root mass
that account for sites with large proportions of large roots and necromass at all sites. In the future
if this work continues to be developed, this model could be used in conjunction with the large
variety of models addressing distributions of aboveground biomass, soil organic carbon, total
ecosystem carbon, carbon emissions, deforestation, and other global processes to continue
refining our understanding of the role and dynamics of carbon budgets of mangroves on a global
scale (Twilley et al. 1992; Hutchison et al. 2014; Sasmito et al. 2016; Atwood et al. 2017;
Hamilton and Friess 2018; Holmquist et al. 2018; Rovai et al. 2018; Sanderman et al. 2018;
Twilley et al. 2018; Sasmito et al. 2019; Simard et al. 2019; Xiong et al. 2019; Bryan-Brown et
al. 2020; Jennerjahn 2020; Adame et al. 2021; Rovai et al. 2021).
To use the model at any mangrove site, the most critical value needed as an input to the
model is integrated root mass that includes necromass. In general, model parameters related to

96

mangrove plant properties do not vary much among sites, for example lignin content, turnover
rates, and decomposition rates, for these mangrove species in the model. This may need to be
reassessed if other species are present, especially with Indo-West Pacific mangroves. However,
site-specific conditions vary across environmental settings and ecological forest types, so
parameters that reflect these differences should be site-specific for model evaluation. Lignin
values are uniform with no significant differences across sites, so site-specific values would not
be required to run the model at new sites (fc1 and fc2). For example, mean lignin fraction in fine
roots across all sites (0.348 g g-1) could be used in future model runs for fc1 and mean lignin
fraction in large roots across all sites (0.252 g g-1) could be used for fc2. It is still important to
distinguish lignin fractions between size classes of live roots, as there were significant
differences in size classes. Root turnover rates can vary across sites, but sensitivity analyses
conducted for this study indicated that rates can be consistent across sites (kr and km). Root decay
rates also do not impact the model’s ability to predict organic matter accumulation long-term, as
this parameter affects the labile organic matter pool which does not contribute enough material
for long enough to influence soil formation (kb). Mineral loading rates, however, are variable
across sites requiring site-specific values for Si. Here, a sensitivity analysis was used to
determine these values and this procedure could be repeated, but in the future if measured rates
are available, these could likely be useful.

97

2.4.11. NUMAN in the Future
To continue to refine the use of the NUMAN model to predict organic matter
accumulation, accretion, and carbon sequestration in the future, some revisions to the original
model code may be helpful. No changes to the code were made in this study. First, the NUMAN
model uses an exponential function of root decay, that could be improved for use in forest
mangrove wetlands if it is modified to reflect linear vertical distribution of roots. The model
could be improved with distinctions in root production among size classes. Currently, the model
accounts for fine root production and large root production. Although these root size classes are
not technically defined in the model, it is notable that root turnover rates and fractions of
refractory material in each size class do vary. It would also be important to continue to revise the
model to specifically distinguish between living and dead roots, especially so that model outputs
can reflect mass values for each of these vitality categories. Biomass and necromass were
summed at input parameter to ‘roots’ in the present version of the NUMAN model. If we can
better understand the carbon-rich accumulation of necromass across mangroves on a global
scale, this could greatly improve our estimates of carbon stored in belowground compartments of
mangrove soils.
Mangroves are resilient systems, but their capacity for recovery following disturbance is
difficult to quantify long-term causing are gaps in our knowledge of recovery process (Imbert
2018). Hurricane events can increase deposition and redistribution of soil and influence sediment
characteristics in mangrove soils, perhaps contributing nutrient loads (Castañeda-Moya et al.
2010; Castañeda-Moya et al. 2020). Including influence of hurricanes on organic matter and soil
development could be an important application of the NUMAN model. The model also does not
have a mechanism to account for compaction as it builds soil cohorts. Finally, the original
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NUMAN model included a submodel that used the ability to predict organic matter accumulation
to simulate nutrient accumulation of nitrogen and phosphorus. Incorporating nutrient
accumulation back into this model of soil development in mangroves would provide a cohesive
approach to simulate more of the fundamental biogeochemical interactions occurring in
mangrove soils.
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2.5. Conclusion
The results of this thesis demonstrate the importance of necromass and large roots in the
blue carbon storage potential of three distinct mangrove forests of South Florida. Belowground
mangrove roots are a critical carbon storage compartment, but many studies do not incorporate
necromass and large roots into estimates due to small volume samples, biased sampling, and
arduous processing protocols. This study incorporates this underestimated parameter into the
NUMAN model for organic matter accumulation in mangrove soils developed by Chen &
Twilley in 1999. It also suggests evaluating the most appropriate sampling technique (traditional
core versus trench) depending on the aboveground biomass in the forest as a predictor of large
roots. Carbon-rich dead roots are critical to our estimates of belowground carbon storage using
the trench method, resulting in significant underestimates in organic carbon stored belowground
if ignored in sampling designs. Necromass contributes to refractory organic matter pools in the
soil that are retained and contribute significantly to belowground carbon storage. This
contribution from dead roots was a critical component to predicting realistic accretion rates at
each site. Mangrove biomass allocation in belowground root and soil compartments varies
depending on coastal environmental settings and forest ecology. It is important to consider these
conditions when determining appropriate sampling protocols for belowground biomass.
Including necromass in the NUMAN model allows us to better evaluate accretion rates and
carbon sequestration rates across diverse mangrove typologies in carbonate settings.
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APPENDIX A.

SENSITIVITY ANALYSES FOR THE NUMAN MODEL

Sensitivity analysis for Si at SR for depth profiles of inorganic bulk density (g cm-3) and bulk
density (g cm-3), compared with field means collected in soil cores.
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Sensitivity analysis for Si at RB for depth profiles of inorganic bulk density (g cm-3) and bulk
density (g cm-3), compared with field means collected in soil cores.
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Sensitivity analysis for Si at TS for depth profiles of inorganic bulk density (g cm-3) and bulk
density (g cm-3), compared with field means collected in soil cores.
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APPENDIX B.

ADDITIONAL FIELD METHOD PHOTOGRAPHS

Additional photographs demonstrating field methods at Rookery Bay.
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APPENDIX C.

ABOVEGROUND FOREST STRUCTURE AT

ROOKERY BAY
Diameter at breast height (DBH; cm) was sampled in two 10 m x 10 m plots in the
interior basin forest at Cat’s Claw. All trees in the plots with DBH ³ 2.5 cm were measured with
DBH tapes at 1.3 m height and the species identified.
Literature values for aboveground biomass at sites in this thesis:
12.5 Mg ha-1 at TS-7 (Coronado-Molina et al. 2004)
162.2 Mg ha-1 at SRS-6 (Castañeda-Moya et al. 2013)
72.5 Mg ha-1 at Rookery Bay (Warner 1990)
Forest structure parameters in the interior forest at Rookery Bay, measured in two plots
include mean (± standard error) DBH (cm), total basal area (m2 ha-1), and density (# trees ha-1)
were calculated by species and plot.

Aboveground forest structure at Rookery Bay.

Plot A

Plot B

Species

Total Basal Area
(m2 ha-1)

Mean (± SE)
DBH (cm)

Density
(# trees ha-1)

n

Avicennia germinans

9.202

11.943 (2.03)

700

7

Laguncularia racemosa

2.306

4.193 (0.51)

1400

14

Rhizophora mangle

10.550

7.155 (0.92)

2000

20

Total Plot

22.058

6.961 (0.71)

4100

41

Avicennia germinans

1.870

4.844 (0.61)

900

9

Laguncularia racemosa

6.119

7.675 (0.74)

1200

12

Rhizophora mangle

6.347

4.526 (0.60)

2700

27

Total Plot

14.335

5.373 (0.44)

4800

48
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